ABSTRACT

SUNGWARAPORN, YUWARES. Lipid and Protein Quality of Poultry By-Products
Preserved by Phosphoric Acid Stabilization (Under the direction of Dr. Peter R. Ferket).
The increase in intensive poultry productions has raised the public concern about
poultry waste disposal and its efficiency of nutrient utilization. When properly handled,
nutrients from poultry mortality and poultry processing waste can be recovered and recycled
into nutritionally valuable and biologically safe animal feed ingredients. There were two
general objectives included in this dissertation. 1) to evaluate the effectiveness of different
sources and levels of phosphoric acid, and lactic acid fermentation in preserving protein and
lipid quality of poultry mortality and poultry processing waste (dissolved air floatation
sludge, DAF), and 2) to evaluate the nutritional value of secondary protein nutrients (SPN), a
product meal derived from processed DAF sludge, in broiler diets. Results showed that both
feed-grade and food-grade phosphoric acid were more effective than lactic acid fermentation
in preserving protein and lipid quality of silages for a short term storage (15 days), while
food-grade phosphoric acid was found to be the most effective preservative for long term
storage (45 days). Food-grade phosphoric acid was a more effective preservative of protein
and lipid quality than feed-grade at 2.76% acidification. Regardless of acid sources, the
inclusion of 5.52% phosphoric acid significantly improved protein quality of poultry
mortality silages. Similar effects were observed when phosphoric acid was used to preserve
nutrient quality of DAF sludge. However, phosphoric acid stabilization did not improve the
lipid quality of DAF silages because extensive lipid oxidation occurred prior to acid
preservation. Apparent nutrient digestibilities of SPN, including apparent metabolizable
energy corrected for nitrogen retention (AMEn), apparent nitrogen retention (ANR, %) and

apparent fat digestibility (AFD, %), was evaluated in broilers using acid insoluble ash
(Celite™) and titanium dioxide as digestibility markers. Results indicated that the acid
insoluble ash method had higher accuracy and preciseness in measuring nutrient digestibility
of the diets. The calculated AMEn, %ANR and %AFD of dietary SPN estimated by the use
of Celite™ was 1650.37 kcal/kg, 23.66%, and 12.60%, respectively. These values were then
used in the formulation of experimental diets containing increasing levels of SPN and growth
performance and nutrient digestibility of broilers were observed. AMEn, ANR, AFD, and
broiler performance decreased as the levels of SPN increased. At 14 days of age, birds fed
the diet containing 20% SPN had significantly higher incidence of rickets due to vitamin D
deficiency, and this led to a significantly higher mortality from 14 to 21 days of age. The
reduction in bird performance demonstrated the adverse effects of including a high level of
dietary SPN on nutrient availability and palatability of broiler diets.
In conclusion, phosphoric acid preservation, especially food-grade source, was
proved to be an effective method of preserving the nutritional value of poultry mortality prior
to further processing into valuable animal feed ingredient. However, only protein quality of
material recovered from the dissolved air floatation (DAF) unit of a poultry processing plant
can be successfully preserved by food-grade phosphoric stabilization. Product meal derived
from DAF material should not be incorporated at the level higher than 7.5% in broiler diet
due to the damaged of lipid and protein which could lead to the interference of nutrient
availability.
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CHAPTER 1: LITERATURE REVIEW

2
INTRODUCTION
In conjunction with the advances in modern technology, an adequate food supply and
balanced diet are a very important factor in improving the living standards of the world
population. The traditional ways to increase food supply have focused on increasing
agricultural products, such as high-yielding crop varieties and livestock productions (El
Boushy and van der Poel, 2000). During the 1990’s, world poultry production has increased
tremendously. World chicken meat production has grown from 29 million metric tons in
1990 to an estimated 50 metric tons in 2000, and the world egg production has grown from
32 to 50 metric tons. Total world chicken meat and egg production has increased at the rate
of 4 metric ton per year during the last decade of the 20th century, and it will still continue to
increase for the first decade of 21th century (Aho, 2002).
During the past 50 years, the chicken industry is among the fastest growing
agribusinesses in the United States of America. Retail weight-based consumption of chicken
meat increased from 9 pounds to 80 pounds per capita (Aho, 2000). However, the increase in
intensive poultry production in many regions has lead to greater public concerns about
poultry waste disposal and its efficiency of nutrient utilization versus nutrient emissions into
the environment (Najafpour et al., 1994).

Poultry production wastes originating from

intensive farm production (manure, litter, and mortalities) and from poultry processing plants
(blood offal, feather, protein and fat skimming) have raised public concern about pollution
and the environmental safety.

Currently, proper disposal of poultry wastes has been

identified by the poultry industry as a high priority endeavor. If improperly handled, these
wastes can cause environmental problems, as well as increase the risks of health hazards to
humans and animals (El Boushy and van der Poel, 2000).
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Poultry Mortality Carcasses Management and Utilization
Poultry mortality disposal methods
In poultry production units, poultry carcasses resulting from death by disease, injury
or other causes require appropriate management on daily basis. Suitable methods of carcass
disposal that are permitted in many areas include burial pits, incineration, composting, and
rendering. However, these methods are currently becoming less acceptable or feasible in
certain areas because of excessive costs and restrictive regulations (Carey and Thronberry,
1998). Burial is the most common means of carcass disposal for years because of its low cost
and convenience. However, this method is becoming less desirable since it contributes to
potential problems of surface and ground water contamination (Wineland et al., 1997).
Incineration is considered the most biologically safe method for carcass disposal, but it is
expensive and it generates nuisance complaints from particulate air pollution (Blake et al.,
1998).

Composting has emerged as environmentally and biologically safe disposal

alternative (Blake et al., 1998). This method enables on-farm conversion of daily mortality
losses into a humus-like soil amendment (Merka et al., 1994). Although composting has
gained extensive approval as an effective option, it requires heavy equipment, high
construction costs, time and attention to detail.

In addition, this method produces a

considerable volume of bulky material that needs to be appropriately disposed (Ackerman
and Richard, 1990; Dobbins, 1990).
Of all these methods, only rendering recycles the nutrients contained in poultry
mortalities into a nutritionally valuable and biologically safe protein by-product meal. The
rendering option enables the removal of carcasses from the farm and minimizes the risk of
environmental pollution while recycling a troublesome waste material into a good feed
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ingredient (Blake et al., 1992). Although, rendering has been one of the best means of
carcass disposal, its main disadvantage is that it requires carcasses to be promptly preserved
or transported to a rendering plant. This difficulty has been intensified in recent years by a
reduction in number of facilities that provide rendering services. Due to an increase in EPA
regulatory actions and a decrease in world prices for fat and protein by-products, several
rendering plants have been closed. As a consequence, the remaining rendering plants are
further apart and farther away from poultry production units; thus, the expense and logistic
challenges of collecting small volumes of carcasses on a frequent basis makes it cost
prohibitive for wide-spread application in the poultry industry. Moreover, proper bio-security
must be performed to reduce the risk of pathogenic microorganism transmission by rendering
plant vehicles and personnel (Carey and Thronberry, 1998)
The need for routine pickup and transportation of poultry carcasses to rendering
facilities can be minimized by preservation of carcasses to prevent decomposition.

Freezing

and fermentation are two general methods that can be used for on-farm preservation. To
date, freezing is the most widely used method for on-farm storage; however, this method is
expensive and it dose not eliminate active microorganisms. Fermentation is an economically
feasible and safe method of poultry mortalities preservation for subsequent recovery and
recycling into a feedstuff (Urlings et al., 1993a). In addition, direct acidification has also
been know as an effective method in preserving poultry mortality carcasses (Middleton and
Ferket, 2001; Middleton et al., 2001) The products produced by both methods can be stored
on farm and remain in a stable state for several months until amounts are sufficient to
warranty the cost of transporting to rendering plants (Parsons and Ferket, 1990; Murphy and
Silbert, 1992).
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The role of acids and pH in food preservation
The pH of a food plays a very important role in determining the survival and growth
of microorganisms during processing, storage, and distribution. In modern food preservation,
low pH inhibits microbial growth and reduces microbial heat resistance. The pH limits of
growth differ widely among microorganisms (Corlett and Brown, 1980). Generally, the
suitable pH values for microbial growth are between 4 and 8. Food poisoning organisms are
very well controlled at pH below 4.2; while most of acid tolerance bacteria, such as yeast and
mold, can grow at pH value below 3 (Russell and Gould, 1991). Although, organisms that
can grow outside this pH range are present, they are rarely food spoilage microorganisms
(Corlett and Brown, 1980). In general, fruits have low pH value (pH 2.5-4.0) at which most
bacteria cannot grow, while most meat, sea foods, eggs, raw milk, and vegetables have pH
value greater than 5.6, which make them very susceptible to microbial spoilage. However,
the pH of foods can be artificially lowered by the addition of significant amount of acids
(Booth and Kroll, 1989).
Microbial growth and survival are influenced by the concentration of hydrogen ion
(H+) and the type of the acidifying acids and their anions. The pH of food is defined as the
logarithm to the base 10 of the reciprocal of its hydrogen ion concentration. Therefore, the
one unit decrease in pH represents a 10-fold increase in the concentration of hydrogen ions.
Acids and their mode of actions
Acids used in food preservation can be categorized as either weak (e.g. lactic or
acetic) and strong acids (e.g. hydrochloric or phosphoric), depending on their dissociation
constant or pKa. The pKa of an acid is the pH at which the concentrations of its dissociation
and undissociation forms are equal. Weak acids have high pKa values (e.g. lactic acid, pKa =
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4.5; acetic, pKa = 3.1), while strong acids have low pKa values (e.g. hydrochloric acid, pKa ≤
3.1).

Normally, the concentration of undissociated forms of acids increases as the pH

decreases (Brown and Booth, 1991).
Weak acids
The weak acids used in food preservation are not completely dissociated at the pH
values normally found in foods. Their antimicrobial effect depends on not only hydrogen ion
concentration, but also on additional inhibitory effects from the undissociated form or its
anion. The undissociated forms of most weak acids are lipophilic, which can freely penetrate
the cell membrane, accumulate and cause the leakage of hydrogen ions into the cell interior,
lower cytoplasmic pH, and inhibit metabolism and nutrient transportation. The antimicrobial
effect of weak acids is, therefore, directly related to their extracellular concentration, which
determines the rate of hydrogen ion transport across the cell membrane, and the pH outside
the cell (Brown and Booth, 1991). In general, lowering cytoplasmic pH is a very effective
way of inhibiting microbial growth because most bacteria are more sensitive to change in
cytoplasmic pH than to change in external pH. Most weak acids are most effective at
concentration above 1% and pH values below 4.0, while they are basically ineffective at pH
values above 5.5 (Brown and Booth, 1991).
Strong acids
Generally, strong acids do not affect the cytoplasmic pH of microorganisms to the
same extent as weak acids because they are incapable of moving across the cell membrane.
However, these acids are completely dissociated at the normal range of pH originated in
foods. Their antimicrobial effect relies on the high acid concentration to provide high
hydrogen ion concentration and lower pH around the microbial cell. The remaining anion is
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present at minimal concentration and it provides only negligible or no inhibitory effect
(Brown and Booth, 1991).

The acidic conditions obtained from using strong acids alone are

normally unacceptable in foods due to unfavorable organoleptic properties. However, some
strong acids, such as hydrochloric acid and phosphoric acid, are widely used in carbonated
and non-carbonated beverages (Baird-Parker and Kooiman, 1980).
Effects of external pH on microbial growth and survival
The effect of pH on limiting microbial growth and survival varies extensively among
microorganisms. However, the character of acids used for acidification can greatly influence
the pH tolerance of microorganisms (Brown and Booth, 1991). Juven (1976) indicated that
Lactobacillus brevis are able to grow in APT broth (non-selective media) when acidified to
pH 4 with acetic acid, pH 3.7 with lactic acids, and when acidified with citric, hydrochloric,
phosphoric or tartaric acid to pH 3.2. If the internal pH remains stable, the effect of external
pH on growth and survival rate must be a consequence of inactivation of one or more
essential enzyme activities on outer layer of the cell (Brown and Booth, 1991). Roth and
Keena (1971) demonstrated that sublethally treated Esherichia coli in an acid environment
showed an increased sensitivity to selective medium violet red bile agar as compared to
nutrient agar. Normally, the increased sensitivity to bile salts is associated with damage to
the outer membrane, which could lead to an increase in death rate of acid-injured E coli.
(Cloeman and Leive, 1979).
In addition to protein structure modification, low pH environment can cause alteration
of membrane lipid composition of microorganism as an adaptation to enhance survival in a
low pH environment. Clostridium acetibutylicum grown at low pH showed a decrease in the
ratio of unsaturated to saturated fatty acids associated with an increase in the amount of
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cyclopropane fatty acids (LePage et al., (1987). Acid incubation of Staphylococcus aureus
during its growth period caused an increase in amino-phospholipid synthesis, such as alanyland lysyl-phosphatidylglycerol (Gould and Lennarz, 1970; Kocun, 1970). These amino acid
esters of phosphatidylglycerol are believed to be involved in cell wall or protein synthesis
(Moore et al., 1966), and amino acid transport (Gale and Folkes, 1965). In an acidic
environment, increase in protein synthesis of cell wall is hypothesized to cause the membrane
to gain a net positive charge, which could inhibit hydrogen ions to enter the cell (Heast et al,
1972).
Effects of cytoplasmic pH on microbial growth and survival
Cytoplasmic pH of microorganisms is recognized as an important aspect of cell
physiology and it is tightly regulated relative to other homeostatic mechanisms (Booth,
1985). A cytoplasmic pH close to neutrality is essential for growth and survival of a
microorganism (Brown and Booth, 1991). Regulation of cytoplasmic pH involves the control
of the cell membrane permeability to protons (Booth, 1985). In general, most bacteria
contain membrane-bound proton pumps, which extrude protons from the cytoplasm in order
to generate a transmembrane electrochemical gradient, the proton motive force (Michell,
1973). At low external pH, the passive influx of protons under the influence of the proton
motive force could lead to a major problem for a cell attempting to regulate cytoplasmic pH
(Sander and Slayman, 1982).
The ability of organisms to endure intracellular acidification will obviously depend
upon the extent of the change in cytoplasmic pH.

However, biological membranes of

microorganisms possess a low proton permeability due to the intrinsic impermeability of the
lipid bilayer and very specific control of ion flux through protein complexes inserted in the
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membrane (Booth, 1985).

After incubation in strong acetic acid, bacteria and yeasts

challenged by internal acidification showed extensive denaturation of cytoplasmic protein,
which is essential for protein synthesis and recovery (Hurst, 1980). DNA damage has also
been suggested to occur in organisms incubated at low pH (Sinha, 1986).

Potential Methods for Poultry Mortality Carcasses Preservation
Lactic acid fermentation
For many years, fermentation has been successfully used as a method for preserving a
variety of human and animal food products, such as yogurt, cheese and silage (Deshmukh et
al., 1997). Lactic acid fermentation could also be used as a safe, convenient, farm-operated
process to recycle waste nutrients into an animal feed ingredient (Wooley et al., 1981). Fish
silage (Tibbetts et al., 1981) and slaughter by-products (Norman et al., 1979; Tibbetts et al.,
1987; Skrede and Nes, 1988; Russell et al., 1992; Russell et al., 1993; Urlings et al., 1993a;
Patterson et al., 1994) were successfully preserved by lactic acid fermentation. This method
has also been effectively used as an on-farm method to preserve poultry mortality carcasses
(Murphy and Silbert, 1992; Cai et al., 1994; Cai and Sander, 1995; Middleton and Ferket,
2001, Middleton et al., 2001). A number of bacterial species may facilitate preservation via
their production of organic acids. In the presence of an active culture, anaerobic environment
and available carbohydrate source, fermentation can generate lactic acid, which lowers the
pH and subsequently discourages the proliferation of pathogenic bacteria (Talkington et al.,
1981; Russell et al., 1993) and detrimental viruses (Wooley et al., 1981). Fermented byproducts and poultry mortalities contain nutrients that can be recycled into valuable feed
ingredient and incorporated into a wide variety of animal diets.
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Lactic acid preserved animal by-products have been shown to be valuable for feeding
carnivores and omnivores. Long-term feeding mink and blue fox with diets containing 10%
and 20% fermented slaughter by-products maintained normal growth rates and reproductive
performances (Skrede and Nes, 1988).

The inclusion of 20 to 35% ensiled poultry

processing condemnations and offal co-extruded with cassava meal (1:3) in broiler chicken
diets demonstrated an equal live performances and carcass yields at 6 weeks of age.
Including up to 20% of fermented poultry offal in growing-finishing swine diet had no
adverse effect on average daily gain, feed conversion ratio, dressing percentage and carcass
yields. However, when 30% fermented poultry offal was included in swine diets, significant
reductions in growth performance and undesirable changes in carcass characteristics were
observed (Tibbett et al., 1987). Significant reduction in feed intake, severe weight loss and
failure of reproduction were found in female minks fed a diet containing 35% fermented
broiler by-products (Urlings et al., 1993b). Feeding more than 20% of fermented poultry byproduct in animal diets could cause adverse effect on animal performances. Urlings et al.
(1993b) suggested that impaired animal growth and reproduction resulted from high contents
of amino acid breakdown products (e.g. biogenic amines, total volatile nitrogen and ammonia
nitrogen) because the production of these metabolites were significant higher in the
fermented diet as compared with the unfermented diet containing the same level of raw
poultry by-products.
Direct acidification stabilization
In theory, a sufficient concentration of acid could be used to treat and prevent any
biological material from microbial deterioration.

The practice of ensiling agricultural

products and forage crops with acid is used throughout the world. As an alternative to
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fermentation, direct acidification has been applied to control pathogenic organisms and
microbial spoilage in many protein-rich materials.
A wide variety of organic (weak) and inorganic (strong) acids have been successfully
utilized to preserve fish by-products (Tatterson and Windsor, 1974), animal and poultry
slaughter by-products (Norman et al., 1979; Divakaran, 1987) and poultry carcasses (Cai et
al., 1995; Middleton and Ferket, 2001; Middleton et al., 2001). The addition of 3% formic
acid stabilized fish silage at the final pH 4.0, destroyed Salmonella, and inhibited toxin
formation by Clostridium botulinum (Tatterson and Windsor, 1974). Similar effects were
observed when 3% formic acid and 3% sulfuric acid were utilized to preserve slaughter cattle
by-products (Normal et al., 1979; Divakaran and Sawa, 1986; Divakaran, 1987).
Acidification of poultry carcasses with 2% formic acid or more stabilized the product pH
below 4.5 and prevented them from putrefactive changes without adversely effecting crude
protein and fat content (Machin et al., 1984; Cai et al., 1995). Poultry processing blood and
offal were also successfully preserved by the addition of 1.5 % formic acid, 10% acetic acid,
4.8% lactic acid and 3.8% propionic acid (Cai et al., 1995).
Direct acidification destroys many bacteria, including Coliforms, Staphylococcus
spp., (Norman et al., 1979; Machin et al., 1984; Cai et al., 1995), Clostridium spp. and
Salmonella (Tatterson and Windsor, 1974; Norman et al., 1979; Machin et al., 1984;
Divakaran and Sawa, 1986; Cai et al., 1995). The inclusion of cattle offal acidified with
formic acid at 3% of total crude protein in the diets showed no adverse effect on growth rates
and animal performances (Machin et al., 1986). Poultry offal preserved with formic acid was
effectively used as a replacement of fishmeal and poultry by-products meal in poultry and
swine diets (Norman et al., 1979; Machin et al., 1984).
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The Application of Phosphoric Acid in Preserving Poultry Mortality Carcasses
Phosphoric acid production and its general applications
Phosphoric acid (H3PO4), also called orthophosphoric acid or white phosphoric acid,
is a strong inorganic acid with a wide variety of uses. Phosphoric acid is commercially
available as a clear, colorless, odorless, viscous liquid (Ellinger, 1972).

At room

temperature, phosphoric acid is a crystalline material with a specific gravity of 1.83. The
solid melts at 42.35ºC (Shakhashir, 2004). About 10 million tons of phosphoric acid is
produced in the United States each year. Most of this phosphoric acid (ca. 80%) is used in
agricultural fertilizer production, with the remainder being used in detergent additives (ca.
10%), cleaners, insecticide production, and animal feed additives (Shakhashir, 2004).
Phosphoric acid can be commercially prepared by either the wet or the thermal (furnace)
manufacturing processes. In the wet process, mined calcium phosphate rock is treated with
sulfuric acid and the resulting phosphoric acid is filtrated to remove calcium sulfate crystal.
Phosphoric acid obtained from this process contains a high content of impurities originating
from the mined rock. The thermal process is used to manufacture a more pure but costly
phosphoric acid.

In this process, pure phosphorus is burned in excess air to produce

phosphoric anhydride (expressed as P4O10 or more commonly as P2O5), also called
phosphorus pentoxide. Phosphorus pentoxide is then hydrated, cooled, and the acid mist is
collected (Becker, 1989).

This highly exothermic process results in the formation of

phosphoric acid of 80 to 90 % purity. Food grade phosphoric acid is later obtained by
eliminating arsenic impurities through treatment with hydrogen sulfide. The resulting arsenic
sulfide is removed by filtration. Purified phosphoric acid may later be diluted to commercial

13
standard concentrations (75 to 85 %) or concentrate to superphosphoric acid (105 % H3PO4).
The P2O5 may be further increased to produce polyphosophoric acid (Molins, 1991).
Based on their purity, there are more than five grades of phosphoric acid currently
available on the market, including fertilizer-grade, feed-grade, industrial-grade (purified
green acid), technical-grade, and food-grade (classify from the highest to lowest purity acid).
Due to its high impurity, fertilizer-grade phosphoric acid is mostly used in the fertilizer
production. However, this product can be further purified to produce technical and foodgrade phosphoric acid (Molins, 1991). Feed-grade phosphoric acid is used in the production
of dicalcium phosphate for animal feed, refining of sugar, juice and drinks, and retarding
biological treatment of effluent. It is also used as a source of P2O5 in the manufactured of
liquid fertilizer and superphosphate. Technical-grade phosphoric acid can be directly used as
a polishing agent for aluminum products, rust preventor for steel and iron, phosphating agent,
metal cleanser, organic synthesis catalyst, and fine electronic plating. Food-grade is well
known as a flavoring agent and preservative in carbonated beverages, and disinfectant or
microbial control for fresh meat, poultry and seafood products It is also widely used in
baking, cereals and dairy products, animal feed and pet foods, industrial detergents, metal
and water treatments, and pharmaceutical and cosmetic products (DC Chemcial Co. Ltd.,
2001).
Direct acidification of poultry mortality carcasses using phosphoric acid
Phosphoric acid (H3PO4) has been widely accepted as an efficient preservative in a
number of human food productions ((Ellinger, 1972). Because it is effective, economical,
safe to use and readily available, the capability of phosphoric acid in preserving animal byproducts and mortality carcasses have been investigated (Middleton and Ferket, 2001;
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Middleton et al., 2001). Divakaran and Sawa (1986) demonstrated that 3 % of sulfuric acid
and phosphoric acid mixture (1.5:1.5) stabilized cattle blood and offal with no adverse effect
on protein content. However, the addition of phosphoric acid alone at a low level (0.8 % and
1.6%) was insufficient to prevent microbial spoilage in poultry mortality carcasses (Cai et al.,
1995).
The antimicrobial effect of strong inorganic acids is primarily due to their capability
to lower external pH and inactivate membrane surface enzyme. Therefore, relatively high
acid concentration is required to effectively limit microbial growth and survival (Brown and
Booth, 1991). Recently, higher levels of feed-grade phosphoric acid have been demonstrated
to successfully preserve poultry mortality carcasses (Middleton and Ferket, 2001; Middleton
et al., 2001). Poultry mortality carcasses acidified with feed-grade phosphoric acid to the
pH ≤ 3, when stored at 45 °C, or pH 2 when stored at ambient temperature, produced the
most favorable poultry mortality silage for subsequently use as a feed ingredient. Following
13 and 45 days of storage, at least 6.9% and 8.28% feed-grade phosphoric acid were required
to stabilize protein quality of silage, respectively.

However, fecal coliforms and other

spoilage bacteria were completely destroyed only in silage preserved with 8.28% feed-grade
phosphoric acid through out the experimental period (Middleton and Ferket, 2001).
When compared with the lactic acid silage, poultry mortalities preserved with 8.28%
feed-grade phosphoric acid had significantly lower in protein degradation as indicated by
lower non protein nitrogen content. Based on the level of volatile nitrogen compounds,
short-term (<14 days) preservation of poultry mortality carcasses with feed-grade phosphoric
acid produced raw material suitable for further processing into feed ingredients. For long
period of storage (up to 45 days), however, at least 5.07% feed-grade phosphoric acid is
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required to obtain raw material with suitable quality for the manufacture of protein
by-product meals (Middleton et al., 2001).
Since phosphoric acid is currently used by the feed industry in the production of
monocalcium and dicalcium phosphate, the inclusion of feed-grade phosphoric acid as
preservative in raw materials would also provide an additional source of dietary phosphorus
in animal diets (Middleton and Ferket, 2001).

Toxic Substances from Nutrient Decomposition in Poultry Mortality Carcasses
Protein Degradation By-Products
Many studies have shown the adverse effects of feeding high levels of mortality
silage on animal performance and reproduction (Tibbettes et al., 1987; Urlings et al., 1993b).
The cause of these detrimental effects is believed to come from high levels of end products of
protein and amino acid degradation in mortality silage, including biogenic amines and
ammonia (Urlings et al., 1993b). Biologically active amines (biogenic amines) are low
molecular-weight basic nitrogenous compounds that possess biological activity. They can be
formed or degraded as a consequence of normal metabolic processes in animals, plants, and
microorganisms (Brink et al., 1990). The chemical structure of biogenic amines can either be
aliphatic

(putrescine,

cadavarine,

spermidine,

spermine),

aromatic

(tyramine,

phenylethylamine), or heterocyclic (histamine) in nature. Primarily, biogenic amines are
generated by decarboxylation of amino acids or by deamination and transamination of
aldehydes and ketones (Maijala et al., 1993), while the formation of ammonia in poultry byproducts is originated from deamination of amino acids and detoxification of biogenic
amines (Urlings et al., 1993b).
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Biologically active amines and their functions
Biogenic amines are generally psychoactive or vasoactive. Psychoactive amines act
on the neural transmitters in the central nervous system, while the vasoactive ones act either
directly or indirectly on the vascular system (Lovenberg, 1973). Biogenic amines, such as
epinephrine, norephinephrine and serotonin, maybe found as naturally occurring substances
in the brain and other body parts.

These amines have important hormone and

neurotransmitter functions in human and animal physiology activities, including regulation of
body temperature, stomach volume, stomach pH, and brain activity (Brink et al., 1990).
Biogenic amines, such as phenylethylamine (PHE) and tyramine (TYR), are vasoactive
amines that cause an increase in blood pressure by liberating norephinephrine from tissue
stores (Rice et al., 1976). Tyramine has also been shown to possess a marked antioxidant
activity, which increases with tyramine concentration (Yen and Kao, 1993). Tryptamine
(TRP) possesses similar activity as TYR, however, TRP alone is not capable of causing
hypertension. Histamine (HIS) is also strongly vasoactive, but in contrast to TYR, HIS
causes a reduction in blood pressure. Histamine possesses a powerful biological function,
serving as a primary mediator of immediate symptoms noted in allergic responses (Taylor,
1986; Stratton et al., 1991).
Polyamines, putrescine (PUT), spermidine (SPD), spermine (SPM) and cadavarine
(CAD), are indispensable components of living cells as they are important in the regulation
of nucleic acid function, cell division and protein synthesis and the stabilization of
membranes (Maijala et al., 1993; Halasz et al., 1994). Putrescine and CAD have been
identified as potentiators that increase the toxicity of HIS to human by depressing the activity
of enzymes involving HIS detoxification (Ibe et al., 1991; Santos, 1996). Polyamines, PUT,
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CAD and SPD, have been reported to be free radical scavengers (Yen and Koa, 1993), thus
inhibiting the oxidation of polyunsaturated fatty acids. This antioxidant effect is associated
with the number of amines group in polyamines (Drolet et al., 1986.).
Biogenic amines formation in food spoilage
Biogenic amines are also present in a wide variety of food products, including fish
products, meat products, dairy products, wine, beer, vegetables, fruits, nuts, and chocolate
(Askar and Treptow, 1986; Brink et al., 1990). Normally, they do not represent any hazard to
individuals unless large amounts are ingested or the natural mechanism for the catabolism of
one or more of the amines is inhibited or genetically deficient (Rice et al., 1976). However,
several amines found in raw food materials, either resulting from endogenous amino acid
decarboxylase activity or from the breakdown of products from the growth of decarboxylasepositive microorganisms, are of concern to food spoilage and food safety.
Biogenic amines are not only important for because of their toxicity, but also because
they indicate the degree of food spoilage (Halasz et al., 1994). In non-fermented foods, the
presence of biogenic amines above a certain level is considered indicative of undesirable
microbial activity (Santos, 1996). As the microbial spoilage of food may be associated with
increased production of decarboxylases, increased concentration of biogenic amines indicate
food spoilage or putrefaction (Halasz et al., 1994).
The biogenic amines most likely to be produced when tissues undergo bacterial
decomposition are PHE, PUT, CAD, HIS, TYR, SPD, SPM and TRP (Edwards et al., 1987;
Mietz and Karmas, 1978). Histamine (a local hormone synthesized from histidine), TYR
(synthesized from tyrosine), CAD (synthesized from lysine), PHE (synthesized form
phenylalanine), and the polyamines PUT, SPD and SPM (synthesized from ornithine and
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methionine), are considered major feed-borne biogenic amines (Brink et al., 1990). These
biogenic amines are most commonly synthesized by decarboxylase-positive microorganisms
and are usually found in animal by-products that undergo some degree of spoilage
(Bermudez and Firman, 1998). However, the total amount of the different amines produced
greatly depended on the nature of the food and the microorganisms present (Brink et al.,
1990).
Normally, the levels of HIS, PUT and CAD increases during fish and meat spoilage,
while levels of SPD and SPM (originally present in very high concentrations) decreases
during this process (Brink et al., 1990). Fresh and processed pork meat contains high levels
of SPD and SPM but low levels of PUT, HIS, CAD and TRY. However, a decrease in SPD
and SPM and an increase in PUT and CAD levels of pork were observed during storage
(Halasz et al., 1994). Farn and Sims (1986) reported that the concentration of CAD, PUT,
and HIS of tuna fish remained at a low level during the first 36 hours of decomposition and
then rose until 48 hours, after which HIS and CAD increased dramatically while PUT
increased at a more conservative rate. Similar results were observed when poultry carcasses
were allowed to putrefy under poultry house conditions for 72 hours (Tamim and Doerr,
2003). Tamim and Doerr (2003) showed that freshly killed poultry carcasses contained 14.4
µg/g of TRP, 3.1 µg/g of PHE, 2.0 µg/g of PUT, 39.2 µg/g of CAD, 110.5 µg/g of HIS, 21.6
µg/g of TYR, 36.8 µg/g of SDM, and 54.5 µg/g of SPM. They indicated that the level of all
amines increased with an increase of putrefaction except for SPM and SPD. Histamine, PHE
and TRP level increased considerably after 30 hours and reached the highest level of 600.2,
1365.8, and 38.0 µg/g, respectively, after 72 hours.

However, TYR, CAD, and PUT

concentration reached the plateau at 48 hours and remained constant at 357, 244 and 171
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µg/g, respectively, over the time of the experiment. Spermidine and SDM concentration
decreased because these amines break down to PUT, which explain their reduction and the
elevation of PUT throughout the putrefaction period (Tamim and Doerr, 2003).
Biogenic amines formation in poultry mortality silage
Raw poultry by-products held unprocessed for 48 hours have been shown to contain
high levels of biogenic amines (Poole, 1995). Concentration of biogenic amines PUT and
CAD of unprocessed poultry viscera and head increased to a very high level after storage at
20°C for 240 hours. Histamine formation, mainly found in unprocessed head offal, has been
shown to increase in direct proportion to the number of clostridia. An increase of CAD
concentration in untreated viscera was detected after 6 hours, indicating the presence of
lysine decarboxylase in poultry intestinal tract. A substantial increase in PUT level was only
observed in unprocessed breast after 24 hours of storage, suggesting that PUT production
was not present in fresh poultry products but mostly derived from bacterial contamination
(Urlings et al., 1993b).
Although lactic acid fermentation is an efficient method to preserve poultry carcasses
and by-products prior to stabilization by rendering, several species of bacteria associated with
successful fermentation are capable of decarboxylating amino acids and producing toxic
substances (Urlings et al., 1993b).

Furthermore, acidic conditions present during

fermentation enhance amino acids decarboxylation (Rice et al., 1976). An increase in protein
degradation products, including non-protein nitrogen (NPN, i.e., amino acids and small
peptides) and volatile nitrogen compounds (VN, i.e., ammonia and biogenic amines), were
observed during lactic acid fermentation (Urlings et al., 1993b; Sander et al., 1996;
Middleton et al., 2001). The NPN/total N and VN/total N of fermented poultry by-products
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undergoing 21-day fermentation increased from 5% to 15-40% and 1% to 3-11%,
respectively (Urlings et al., 1993b). Similarly, fermented ground poultry mortality carcasses
have been shown to contain 3.95% and 5.89% VN/total N following 14 and 45 days of
storage, respectively (Middleton et al., 2001). Poultry mortality silage is not recommended
as a raw feed ingredient in animal diets when the volatile nitrogen compounds exceed 3% of
total nitrogen (Urlings et al., 1993b; Sander et al., 1996).
During a 70-day period of lactic acid fermentation, a significant reduction of amino
acids phenylalanine, lysine and tyrosine concentration were observed in ground poultry
carcasses (Sander et al., 1996).

Consequently, all biogenic amines tested increased

significantly during this period of time except for SPD and SPM. The concentration of PHE,
CAD, TRP, PUT, HIS and TYR of this fermented product were significantly higher than
those commonly found in poultry meal. (Poole, 1994; Sander et al., 1996). The average
PHE, PUT, CAD, HIS, and TYR concentration of poultry meal were 12.5, 92, 154, 36, and
50 ppm, respectively (Keir and Bennett, 1993). Sander et al. (1996) indicated that poultry
carcasses stabilized by lactic acid bacterial fermentation may be undesirable in animal
feeding because poultry meal containing 28, 285, 363, 144, and 118 ppm of PHE, PUT,
CAD, HIS, and TYR, respectively, is considered to be high based on practical, commercial
feeding standards.
Direct acidification, an alternative method used to preserve poultry mortality
carcasses has been shown to prevent bacterial proliferation and lower the formation of
potentially toxic products from protein degradation (Cai et al., 1995; Middleton and Ferket,
2001; Middleton et al., 2001). Poultry mortality silages preserved with various levels of feedgrade phosphoric acid contained significantly lower VN/total N (< 3%) and NH3-N than
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those found in the lactic acid fermented product (Middleton and Ferket, 2001; Middleton et
al., 2001;). Bacterial protein degradation was successfully inhibited by preserving poultry
mortality with ≥ 5.07 % feed-grade phosphoric acid, as indicated by the lower in VN value,
which was equal to that of untreated frozen sample. Therefore, poultry mortality silage
preserved by direct acidification was more benefitial as an animal feed ingredient than silage
produced by lactic acid fermentation (Raa and Gilbert, 1982; Middleton and Ferket, 1998).
Bacteria Associated with Protein Degradation in Poultry Mortality
Amino acid decarboxylases are not widely distributed among bacteria, but a number
of Gram-positive and Gram-negative species have been shown to be able to decarboxylate
one or more amino acids (Rice et al., 1976). Most Enterobacteriaceae can decarboxylate
several amino acids, especially lysine and ornithine (Rice et al., 1976; Tabor and Tabor,
1985; Brink et al., 1990). Pseudomonas, one of the most important poultry spoilage bacteria,
possess amino acid decarboxylase enzymes, particularly for the production of PUT (Rice et
al., 1986; Halasz et al., 1994). Hisditine decarboxylase activity is widely distributed in
Escherichia, Salmonella, clostridium, Bacillus and Lactobacillus (Voigt and Eitenmiller,
1978).
Geornaras et al. (1995) tested the capability of fifty strains of poultry-associated
spoilage and pathogenic bacteria (25 Psuedomonas strains, 13 Salmonella strains, 6 Listeria
monocytagenes, and 6 Listeria innocua) isolated from poultry during processing and reported
that none of Listeria strains produced biogenic amines. All Salmonella strains produced
CAD, HIS, PHE, PUT and TRP; however, only 23% of the Salmonella strains produced
TYR. Ninety six percent of Psuedomanas strains produced CAD, 96% produced PUT, 92%
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produced PHE, and 60% produced HIS, while only 36% and 16% of all strains tested
produced TYR and TRP, respectively.
Adverse effects of protein degradation by-products in poultry
The identification of feed-borne biogenic amines with toxic syndromes in poultry has
arisen mainly from the presence of HIS. Histamine is classified as a vasodilator. Exogenous
dietary HIS in spoiled fish meal suppresses growth rate, causes poor feathering (Johnson and
Pinedo, 1971; Blonz and Olcott, 1978), promotes acid secretion in the stomach, causes
gizzard erosion and hypertrophy of the proventriculus (Harry et al., 1975; Harry and Tucker,
1976), and occasionally cause death in chickens (Harry and Tucker, 1976; Shifrine et al.,
1959). Histamine toxicity in the pullet has been shown to induce the cells of the glandular
alveoli of the proventriculus to secrete hydrochloric acid and pepsinogen. Pepsinogen is a
precursor of the digestive enzyme pepsin required for initial digestion of proteins. Any lesion
in the proventricular glands could interfere with the secretion of pepsin, with subsequent
impairment of protein digestion and utilization. The results are poor production performance,
unthriftiness, and poor feed conversion. This could also explain why some of the birds
affected with this condition pass undigested or poorly digested feed in feces. However, the
administration of cimetidine, a HIS antagonist, completely inhibited the induction of gizzard
erosion and elevated the pH of the gastric contents (Miyazaki and Umemura, 1987).
Gizzard erosion in broiler chickens can also be induced by feeding diets containing
high concentration of HIS (1,000-10,000 mg/kg) (Harry et al., 1975; Harry and Tucker, 1976;
Miyazaki and Umemura, 1987). Chicken fed 4,000 mg HIS/kg diet were found to have an
increased early mortality rate and decreased body weight gain by 10-18% at 2, 3, and 5
weeks of age (Harry and Tucker, 1976). Brugh and Wilson (1986) demonstrated that feeding
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200 mg HIS/kg diet decreased body weight 9-17% in 21- and 35-day-old broiler chickens but
had no significant effect on proventricular enlargement or mortality rate.
In addition to HIS toxicity, severe gizzard erosion could be caused by a toxic amine
called gizzorosine, a thermal decomposition product from the interaction of HIS and casein
during heat processing (Masumura et al., 1985).

This substance is characterized as a

histidine or HIS derivative with histamine-like biological activity. The ability of gizzerosine
to induce gastric acid secretion in chickens is approximately 10 times greater than that of
histamine. In addition, its gizzard erosion inducing effect was 300 times greater than that of
HIS.

Gizzerosine stimulates proventricular gland secretory cells to release excessive

hydrochloric acid by acting on the H2-receptor of HIS (Masumura et al., 1985).
Several studies in poultry have also focused on biogenic amines other than HIS. One
study in Japanese quail found that 2,200 mg PUT/ kg diet had no effect on body weight gain
over a 9-day period (Blonz and Olcott, 1978). Feeding PUT at 1,000 mg/kg diet from 4 to 18
days of age resulted in no adverse effect on broiler performances (Colnago and Jansen,
1992). Although the addition of 20 mg PUT/kg diet have been suggested to promote growth
and health, feeding PUT at 80 mg/kg diet or higher levels have been shown to reduce the
growth rate of chickens (Smith, 1990).
In addition to an increase in PUT concentrations in liver, kidney, and muscle, an
increase in the concentrations of SPD and SPM were also detected when 400 mg PUT/kg or
higher was fed to chickens (Smith, 1990). Spermidine is synthesized from the condensation
of PUT and an aminopropyl group from decarboxylated methionine. Due to its higher
molecular weight and higher positive charge, SPD has been shown to be more toxic than
PUT. Sousadias and Smith (1995) reported that diets containing low level of SPM (200
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mg/kg) caused high toxicity and reduced growth rates in chickens.

These results also

indicated that polyamines toxicity increased with increased molecular charge and weight.
Broilers fed a diet containing 2460 mg HIS/kg, 232 mg PUT/kg, and 232 mg CAD/kg
developed a high incidence of marked proventicular enlargement (Stuart et al., 1986).
However, these biogenic amine levels studied in this research have been shown to be much
higher than normally detected in the United State broiler diets. Feeding diets containing
PHE, PUT, CAD or HIS at the highest levels (4.8, 49, 107, and 131 mg/ kg diet, respectively)
likely to occur in the United States poultry industry or a combination of all these amines, did
not reduce performance or cause any lesions in broilers (Bermudez and Firman, 1998).
Similar effects were observed when all these amines were fed to broilers at the levels double
of those used in the previous study (Firday et al., 1999). Evidently, these four biogenic
amines are of little concern to the broiler industry when fed in the amount normally found in
broiler diets (Firday et al, 1999).
In addition to the ammonia produced by the deamination of biogenic amines, poorly
preserved poultry by-products were reported to contain very high levels of ammonia resulting
from deamination of amino acids (Urlings et al, 1993). Exposure to ammonia can cause
several adverse effects on poultry, including reduction of feed intake, weight loss, irritation
of mucous membranes, air sac lesions, ketoconjunctivitis, and susceptibility to many diseases
(Kristensen and Watches, 2000). Intravenous and intraperitoneal injections of ammonia
cause hyperventilation and chronic convulsions in chicks, but they can recover in 50-60
minutes (Wilson et al., 1968).
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Detoxification mechanisms for toxic substances from protein degradation
Normally, there are two groups of amine oxidases, monoamine oxidases (MAO) and
diamine oxidases (DAO), which play an important role in oxidative deamination and
detoxification of naturally occurring amines and other foreign compounds. Most amine
oxidases lack strict substrate specificity. For instance, diamine oxidase also uses histamine
as a substrate and the enzyme has also been designated as a histaminase (Bachrach, 1985).
Monoamine oxidases are flavoprotein enzymes located in the mitochondria of the
liver, kidney, and brain. The enzymes have been found also in blood platelets and intestinal
mucosa. The MAO exists as a large group of similar enzymes with overlapping substrate
specification and inhibition patterns. MOA will deaminate primary, secondary and tertiary
aliphatic amines to oxidation products. The reaction rate will decrease as the complication of
structures increase. Diamine oxidases oxidize diamines to the corresponding aldehydes in
the presence of oxygen. The DAO are pyridoxal phosphate proteins containing a copper unit
that are present in the soluble fraction of the liver, intestine and kidney. The rate of
deamination is determined by chain length. The maximum activity of DAO occurs when the
substrate is PUT followed by CAD. Although MAO can deaminate both substituted and
primary amines, DAO can only deaminate primary amines (Hodgson and Glodstein, 2001).
In mammalian cells, there are two possible means of polyamine catabolism. One is the
recycling or interconversion pathway by which SPM and SPD can be converted to PUT and
3-acetamidopropanal. This PUT can be either recycled to SPD and possibly SPM or further
metabolized. Another pathway is catabolic oxidation of the primary amino group by DAO to
form an aminoaldehydes or a dialdehyde, ammonia and hydrogen peroxide (Morgan, 1999).
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In addition to biogenic amines detoxification, many enzymes are utilized in the
detoxification of ammonia, another protein degradation by-product (Kamin and Handler,
1957). Glutamic dehydrogenase, glutamate synthase, and carbamyl phosphate synthetase
have been suggested as being responsible for maintaining a low concentration of ammonia in
animal tissue.

Snetsinger and Scoot (1961) suggested that chicks also need glycine and

arginine to get rid of excess ammonia via uric acid excretion.

Lipid deterioration and by-products
Lipid deterioration in food systems
Lipids oxidation in foods could lead to the development of rancidity (unpleasant
tastes and odors), the change in color, texture, and loss of nutritive value as well as the
potential formation of toxic compounds (Asghar et al., 1988). Rancidity is the term most
commonly used to describe the deterioration of lipids in food systems. It involves two
distinct mechanisms including hydrolysis and oxidation. Hydrolytic activity of lipids is
caused by hydrolysis of ester linkage, resulting in the formation of free fatty acids and
glycerol. This reaction is catalyzed by lipolytic enzymes (lipase and esterase), acids, high
temperature, and high moisture content (Labuza, 1973). Normally, hydrolytic cleavage has
little effect on the nutritional value of the food. Its primary effect is the objectionable flavor
imparted by the free fatty acids, resulting in lower consumption of affected foods (Kirk,
1979). Oxidative destruction of lipids, however, is usually considered as the most frequently
occurring form of lipid deterioration. It leads to the development of rancidity, off-flavor,
polymerization, reversion, and a number of other reactions causing reduction of food quality
and nutritive value (Labuza, 1973). Lipid oxidation in foods is often caused by free-radical
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reactions.

These chain reactions are facilitated by various catalytic means, including

hydroperoxide decomposition, light and heat exposure, and metal catalysis (especially iron
and copper), as well as enzymatically by lipoxygenase (Jadhav et al., 1996).
Primary and secondary lipid oxidation products
The most important initial products from lipid oxidation are allylic hydroperoxides.
They are classified as mono- and diallkylperoxides (Dulog and Burg, 1963). In addition to
these straight chain hydroperoxides, it has been shown that dihydroperoxides can form
cyclicperoxides and cyclicperoxides containing a hydroperoxy group (Kirk, 1979). Lipid
hydroperoxides themselves are not considered harmful to food quality.

However,

hydroperoxides are unstable compounds and they undergo scission and dismutation to form
volatile carbonyl compounds, such as aldehydes, ketones, alcohols, acids, esters,
hydrocarbons, lactones, and aromatic compounds (Frankel, 1982).

These degraded

compounds possess strong off- flavors and odors. Lipids containing even very low levels of
these

compounds

aldehydeoglycerides,

are

generally

unsaturated

unpalatable.

Nonvolatile

aldehydeoglycerides,

compounds

ketoglycerides,

such

hydroxy

as
and

carbonyl-containing polymers, conjugated diene ketones, and epoxy compounds, have also
been detected in oxidized fats. The formations of dimers and polymers by carbon-carbon
bonds and either peroxide group have also been observed and have shown the potential
interference with nutrient absorption (Kirk, 1979).
Oxidation of lipids at high temperature differs from oxidation of the same fat at
normal temperature. Not only are the oxidation reactions accelerated, but also different kinds
of reactions occur. In addition to the volatile and nonvolatile compounds associated with
lipid oxidation at normal temperature, when oxidized at a high temperature lipids contain
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substantial levels of trans and conjugated double-bond system that form isomerization
reactions as well as cyclic compounds, dimers and polymers. Lipids that undergo oxidation
for a long period has been shown to contain cyclic compounds classified as non-urea adductforming compounds (Friedman et al., 1961; Fleischman et al., 1963).
Effect of lipid oxidation on nutritional value
A significant level of lipid oxidation in foods is generally associated with the loss of
other nutrients and stabilizing components. Lipid oxidation deteriorates and reduces the
availability of nutrients such as essential fatty acids, fat-soluble vitamins A, D, and E,
ascorbic acid, β-carotene, folate, riboflavin as well as proteins and selected amino acids
(Dugan, 1986). As a primary antioxidant, vitamin E (∝-tocopherol) is normally consumed
during lipid oxidation (Jadhav et al., 1996). Vitamin A and β-carotene are destroyed in a
lipid system that undergoes oxidative deterioration because of their unsaturated and
antioxidant characteristics. Ascorbic acid can be degraded by reactive oxygen metabolites
and by the reactions initiated by transition metals as a result of it antioxidant activity (Kirk,
1979).
The possible loss of amino acid availability results mainly from the interaction of
proteins with oxidized lipids and their secondary products. The oxidation of protein lead to
both physical and chemical changes, including amino acid destruction, decrease in protein
solubility due to polymerization, formation of amino acid derivatives and reactive carbonyls
(Carpenter et al., 1963), changes in protein digestibility and loss of enzyme activity (Wills,
1961). In addition, oxidative changes may give rise to altered water-binding capacity and
hydration of the protein and can also lead to the formation of protein-lipid complexes. The
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majority of these oxidative changes have been correlated with loss in food quality (Nielsen et
al., 1985).
Two possible mechanisms have been shown to involve in the oxidation of protein by
oxidized lipids. One involves alkoxy (RO•) and peroxy (ROO•) radicals, and the other
involves malondialdehyde and other carbonyl compounds. In the first mechanism, protein
free radical is generated from the reaction of lipid free radical with protein, followed by
polymerization of protein molecules (Jadhav et al., 1996). Crawford et al. (1967) reported
that the formation of hydrogen bonding between lipid oxidation products and protein causes
changes in protein digestion and availability.

Nielsen et al. (1985) demonstrated that

hydroperoxides damage protein directly by reacting to form insoluble products. The reaction
of oxidized lipids and their secondary products with protein result in cross-linking between
proteins as well as destruction of lysine, tryptophan and the sulfur containing amino acids.
The reaction of carbonyl group of aldehydes with ε-amino group of lysine reduces the
availability of this amino acid by blocking the catalytic site of enzyme trypsin (Dugan, 1968).
Tryptophan destruction has been shown to primarily depend on the reduction of protein
digestibility (Nielsen et al., 1985). The reaction of methionine with hydroperoxides leads to
the formation of methionine sulfoxide. This compound is almost as available as methionine,
therefore, its formation is not considered important from the nutrition standpoint. Cysteine
residue can be oxidized by peroxides or other form of activated oxygen to form biologically
unavailable compounds including sulfenic, sulfinic and sulfonic acid derivatives. When
subject to oxidation, cystine in protein yields a partially bioavailable compound including
mono-, di-, tri- and tetrasulfoxides (Nielsen et al., 1985).
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Malondialdehyde is a major secondary product of lipid oxidation, which has been
shown to be the principle factor that involves protein cross-link reactions. The Shiff base
formation between amino groups of lysine and other free amino groups in the protein could
lead to the reduction in the availability of these amino acids (Crawford, et al., 1967, Nielsen
et al., 1985). Moreover, this cross-link inactivates ribonuclease and bind covalently to
nucleic acids (Crawford, et al., 1967). In general, malondialdehyde is considered as a
complete carcinogen and a mutagen. Malondialdehyde has been reported to be toxic to living
cells because it can be absorbed through the digestive system (Piche et al., 1988).
Wills (1961) suggested that the adverse effect of oxidized lipids on enzymes could
result directly from the reactions with protein. The peroxides of linoleic acid or linolenic
acid posses an inhibitory effect to certain enzymes, especially those containing –SH groups.
Many of the inhibitions observed are similar to the effects produced by organic peroxides.
Adverse effects of lipid degradation of by-products on poultry feeding
Middleton et al. (2001) reported that poorly preserved poultry mortality silage
contained low lipid quality as indicated by lower oxidative stability index (OSI) and higher in
free fatty acid content. Oxidative stability index represents the capability of oils to resist
oxidation over time in the presence of oxygen and heat. The longer the induction period of
lipid oxidation, the greater the oil stability. Free fatty acid content has been widely used to
indicate lypolysis in animal tissues during storage (Sklan et al., 1983). Normally, fat in
animal tissues contains nearly no free fatty acid. However, it can be produced either by the
activity of endogenous lypolytic enzyme or the action of microbial enzyme degradation of
lipid material (Matti et al., 1964; Ostby et al., 1986; Hierro et al., 1997).

31
Dietary inclusion of oxidized fat has adverse effects on animal wellbeing. When 5%
of oxidized beef fat containing 100 µmoles/g free fatty acid was incorporated in broiler diets,
the vitamin E content reduced by 50% in the diets and less vitamin A accumulated in their
livers.

In addition, an increase in the incidence of encephalomalacia was observed

(L’Estrange and Carpenter, 1966). The feeding of oxidized fat has been shown to cause
reductions in feed intake and growth rate, and adverse effects on feed efficiency (Waldroup
et al, 1985, Cabel et al., 1988). Feeding oxidized dietary fat to experimental animals has
been reported to cause various types and degrees of abnormalities, especially those associated
with vitamin E deficiency (Artman, 1970). Rancidity development involves a chain reaction
of auto-oxidation, producing hydroperoxides, which damage the structure and function of
cellular membranes (Chow, 1979). Asghar et al. (1989) observed a rapid increase in the
oxidation of membrane-bound lipids and decrease in their stability towards peroxidation in
broilers fed oxidized fat. The presence of oxidized fat in the diets of broiler selectively
reduced arachidonic acid in the neutral lipid fraction of cell membranes. The decrease in
arachidonic level may be due to the conversion of this fatty acid to prostaglandin as a
physiological defense system to cope with oxidation stress in broilers. However, the addition
of α-tocopherol stabilized membrane-bound lipids against peroxidative changes. Hayam et
al. (1993) observed similar effects on red blood cell (RBC) membranes of rats fed 10%
oxidized soybean oil. Dietary oxidized fat increased peroxide accumulation and decreased
membrane fluidity of RBC. This lower fluidity was accompanied by a decrease in the
content of membrane level polyunsaturated fatty acids (PUFA) and an increase in the activity
of the membrane-bound enzymes acetylcholinesterase and Na+ K+ ATPase. In addition to
lower contents of PUFA, malondialdehyde, a product from lipid peroxidation can react with
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the free amino group of proteins and lipids to form fluorescent cross-links, leading to
membrane rigidification.

The Role of Antioxidants in Poultry By-Products Preservation
Antioxidants in biological systems
Biological antioxidant systems help prevent oxidative damage to cells by
metabolizing the superoxide free radicals and reactive oxygen metabolite products from lipid
oxidation. These cellular defense mechanisms in birds are provided by non-enzymatic (e.g.
vitamin E, C and glutathione, GSH) and enzymatic (e.g. superoxide dismutase, catalase, GSH
peroxidase) antioxidants. The antioxidant compounds are strategically located throughout
the bird’s body in organelles, subcellular compartments, or extracellular spaces to afford
maximum cellular protection (Bottji et al., 1995).
Non-enzymatic antioxidant system
Vitamin E, the foremost chain breaking antioxidant, scavenges peroxyl and alkoxyl
radicals and prevents peroxidative damage to membrane (Machlin, 1991). Supplementation
of vitamin E in chicken diets has been shown to improve resistance to microbial infections
through improved immunity function (Lawrence et al., 1985).
β-carotene and other carotenoids protect lipids from lipid peroxidation by
scavenging free radicals and other reactive oxygen species, especially single oxygen.
However, the antioxidant abilities of β-carotene are relatively low when compared to that of
α-tocopherol (Comb, 1992).
Vitamin C commonly known as ascorbic acid, acts directly with O2•- and •OH as
well as with other lipid hydroperoxides (Comb, 1992).

Ascorbate has been shown to
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function in restoring the antioxidant capability of oxidized vitamin E by converting the
tocopherol radical back to a reduced state (Witting and Horwitt, 1964).
Glutathione (GSH) is a ubiquitous tripeptide consisting of glutamate, cysteine and
glycine. GSH has numerous vital homeostatic roles, including protection of cells from
oxidative injury (Meister, 1983). GSH donates a reducing equivalent to that of numerous
electrophiles and reactive oxygen species including O2•-, H2O2 and •OH.

GSH also

facilitates the regeneration of ascorbate from dehydroascorbate to maintain antioxidant
activity in the cells (Comb, 1992).
Uric acid has also been demonstrated to possess antioxidant activity. Although not
completely understood, the antioxidant activity of uric acid may function by combining iron
or copper and thereby reducing hydroxyl radical formation as well as sparing ascorbic acid
(Ames et al., 1981).
Enzymatic antioxidant system
Superoxide dismutase (SOD): Of the three forms of SOD, MnSOD is found mainly
within mitochondria, CuSOD is found primarily in plasma and extracellular fluid, and
Cu/ZnSOD is found primarily in cytosol but is also present in the cell nucleus. All forms of
SOD catalyze the dismutation of O2•- to H2O2. SOD functions in conjugation with catalase
and GSH peroxidase (GSHPx) to catabolize oxidizing reactive oxygen species in the cell
(Marklund, 2002).
Catalase (CAT): Catalase and GSH peroxidase both catalyze the reduction of H2O2
to water. Catalase reacts only with H2O2, whereas GSH peroxidase reacts with lipid
hydroperoxides as well as H2O2. Since H2O2 can move throughout the cell and be converted
to the •OH radical in the presence of transition metals, catalase and GSH peroxidase serve a
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vital function by lowering availability of H2O2 for radical •OH production (Jones, et al.,
1981).
GSH recycling enzyme: GSH peroxidase and GSH reductase reduce inorganic
hydroperoxides to water or lipid alcohols by donating hydrogen from the sulfur group of the
cysteinyl moiety. In this process, two GSH molecules combine to form oxidized glutathione
(GSSG) (Thomas et al., 1990). Reduction to GSSG is vital to cell function since an elevation
in GSSG can result in the oxidation of proteins through protein sulfhydryl formation.
Increased GSSG represents an effective loss of GSH and therefore a lowering of antioxidant
capability to the cell. GSH reductase utilizes reducing equivalents from NADPH that are
produced by the hexose mono-phosphate shunt to reduce GSSG to GSH. GSH peroxidase
and MnSOD are particularly vital for maintaining mitochondria function by acting to prevent
lipid peroxidation that occurs from generation of superoxide radicals and H2O2 (Srivastara
and Beutler, 1968).
Antioxidants in food system
Normally, antioxidants occur as natural constituents in food products. They can also
be intentionally added to products during processing and storage. Antioxidants interrupt the
onset of oxidation or delay the rate at which it proceeds. Their role is not to enhance or
improve the quality of foods, but rather to maintain food quality and extend shelf life.
Antioxidants used in food processing must be inexpensive, nontoxic, effective at low
concentrations, stable, and capable of surviving processing (carry-through effect); color,
flavor, and odor must be minimal (Giese, 1996). Antioxidant can be broadly classified as
primary antioxidants and secondary antioxidants by mechanism of action.
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Primary, type Ι, or chain breaking antioxidants are free radical acceptors that delay or
inhibit the initiation step or interrupt the propagation step of autoxidation.

Primary

antioxidants react with lipids and peroxy radicals and convert them to more stable, nonradical
products (Buck, 1991). Primary antioxidants donate hydrogen atoms to the lipid radical and
produce lipid derivatives and antioxidant radicals. The antioxidant radical produced by
hydrogen donation has a very low reactivity with lipid, which slow down the rate of
oxidation (Rajalakshmi and Narasimhan, 1996).
The most commonly used antioxidants in foods are synthetic compounds. The
primary synthetic antioxidants approved for use in food include butylate hydroxyanisole
(BHA), butylated hyroxytoluene (BHT), propyl gallate (PG), ethoxyquin, ascorbyl palmitate
and tertiary butylhydroquinone (TBHQ). However, a few natural primary antioxidants, such
as tocopherols and carotenoids are also commonly used as primary antioxidants in foods
(Reische et al., 2002).
Secondary antioxidants, preventive, or type ΙΙ antioxidants act through numerous
possible mechanisms. These antioxidants slow the rate of oxidation by several different
actions, but they do not convert free radicals to more stable products (Labuza, 1971).
Secondary antioxidants can chelate prooxidant metals and deactivate them, replenish
hydrogen to primary antioxidants, decompose hydrogen peroxides to nonradical species,
deactivate singlet oxygen, absorb ultraviolet radiation, or act as oxygen scavengers. These
antioxidants often referred as synergists because they promote the antioxidant activity of
type Ι antioxidant. Citric acid, ascorbic acid, ascorbyl palmitate, lecithin and tartaric acid are
good example of these synergist compounds (Reische et al., 2002).
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The application of synthetic antioxidant in poultry feed and by-products
Synthetic antioxidants are often considered to be more effective than natural
antioxidants in preventing feed oxidation. These antioxidants are commonly more stable and
better survive the rigors of feed processing and storage (Rajalakshmi and Narasimhan, 1996).
They can be used to suppress oxidation in animal protein by-products, and preserve the
vitamin quality and pigmentation potential of commercial feeds. Currently, synthetic
antioxidants occupy nearly all of the antioxidant in the global market for livestock feed
(Meyers and Bligh, 1981)
The poultry industry is the major consumer of by-products from animal production
and slaughter. Protein meals produced from hatchery waste and processing plant offal are
regularly included in poultry feed formulations because they are low-cost protein sources.
However, the nutrient content of these materials often have highly variable nutrient content
and digestibility due to their raw material composition and the methods by which they are
rendered and handled. Prolonged retention of slaughter plant offal prior to the rendering
promotes oxidative and/or hydrolytic deterioration. Since these reactions are accelerated by
heat, some rendering processes could lead to the nutrient destruction of these by-products
(Anonymous, 20002).
The use of chemicals, such as iron and aluminum salts, during the pretreatment of
wastewater could lead to metal contaminants. These metal compounds can extensively
accelerate the oxidation reaction and destroy a weak antioxidant system. High levels of
oxidation catalyst metals, such as iron from hemoglobin and copper from feed grade copper
sulphate, also contribute to this problem (Prince et al., 1979). To better ensure the nutrient
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quality of by-product meal and fat, antioxidants should be incorporated prior to processing
(Anonymous, 2000).
Effect of ethoxyquin in stabilizing poultry mortality silage
Ethoxyquin (6-Ethoxy-1.2-dihydro-2,2,4-trimethylquinoline) is a widely used feed
grade antioxidant that can effectively prevent the oxidation of lipids and lipid-soluble
compounds in feed products (Waldroup et al., 1960; Bartov and Bornstein, 1972; Cabel and
Waldroup, 1989). Ethoxyquin’s primary role in the feed industry is to protect carotenoids
from oxidation (Meyers and Bligh, 1981). Ethoxyquin is also an effective antioxidant for
fish oils and fish meal. In oils, it exists primarily in the form of a radical that acts as a free
radical terminator (Reische et al., 2002). Ethoxyquin is an effective inhibitor of nitrosamine
formation. It readily undergoes oxidation to form a stable free radical ethoxyquin nitroxide,
which is more effective as an antioxidant than ethoxyquin alone (Bharucha et al., 1987).
The addition of ethoxyquin has been shown to stabilize lipid quality of feed grade
phosphoric acid-preserved poultry silage. Oxidative stability index (OSI) of oils extracted
from poultry silage containing 500 ppm ethoxyquin increased 573% and 775% following 14
and 45 days of storage, indicating a significant increase in the ability of oils to resist
oxidation. Oils extracted from poultry silage preserved with lactic acid fermentation without
the addition of ethoxyquin had lower OSI value than those of feed-grade phosphoric acidpreserved silages during both periods of storage. However, when ethoxyquin was included,
lactic acid fermentation provided the highest OSI value of all preservative treatments
(Middleton et al., 2001).
Lipids extracted from poultry mortality silages preserved with ≥ 5.07 feed-grade
phosphoric acid contained a similar level of free fatty acid to those of fresh ground
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mortalities. Preservation of poultry mortality with 2.76% feed-grade phosphoric acid and
subsequently frozen resulted in significantly higher levels of free fatty acid. The highest free
fatty acid level was observed in lipids extract from lactic acid fermentation silage. The
addition of ethoxyquin caused significant increases in free fatty acid content in all
acidification treatments d ng 15 and 45 days of storage. Moreover, ethoxyquin included in
long term preservation using feed-grade phosphoric acid significantly increased protein
degradation of poultry mortality silage (Middleton et al., 2001).
An increase in oxidative stability index has been suggested to prevent the proxidation
of phospholipid membranes (Balasubramanian et al., 1992) and might contribute to
improving microbial membrane integrity and increase survival rate of spoilage bacteria. The
increase in spoilage bacteria level resulted in high microbial and enzyme lipolytic activities
and high protein degradation of poultry mortality silages (Middleton et al., 2001). However,
when compared to preservation by lactic acid fermentation, preservation of ground poultry
mortality carcasses with feed-grade phosphoric acid in the presence of ethoxyquin produced
superior lipid and protein quality (Middleton et al., 2001).
Effect of ethoxyquin in improving poultry performance
As mention previously, feeding oxidized fat caused detrimental effects on broiler
performance and health (L’Estrange and Carpenter, 1966; Waldroup et al, 1985; Cabel et al.,
1988). However, when sufficient levels of antioxidant were supplemented in the oxidized
fat-containing diets, no adverse effects on broiler growth performances were observed
(L’Estrange and Carpenter, 1966). It has been demonstrated that ethoxyquin is an effective
antioxidant that can be used to inhibit lipid oxidation in feeds and improve the stability of
fats and proteins in broilers (Bartov and Bornstein, 1972; Cable et al., 1988).

Feed
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efficiencies and weight gains of broilers fed diets containing high level of peroxide in the
presence of ethoxyquin were similar to those of broilers fed ethoxyquin alone (Cabel et al.,
1988). Broilers fed ethoxyquin-supplemented diet with no oxidized fat have been shown to
have significantly higher weight gains and feed efficiencies than broilers fed diets containing
oxidized fat with and without ethoxyquin. Regardless of fat source, birds fed ethoxyquin
exhibited higher duodenal and ileal GSH, indicating the enhancement of antioxidant
mechanism of intestinal cell against detrimental effect of oxidative stress (Wang et al., 1997).
In some research with rats, ethoxyquin supplementation has also been shown to
prevent or lower a wide variety of disorders, including muscular dystrophy (Gabriel et al.,
1980), encephalomalacia induced by vitamin E deficiency (Machin and Gordon, 1960),
exudative diathesis (Comb and Scott, 1974), as well as infertility in female rats (Draper et al.,
1964).

Poultry Processing Wastes Management and Utilization
Poultry processing wastes production and disposal
In poultry processing, a significant amount of water is used for cleaning and washing
animal carcasses and meat products, sanitation and disinfection of processing plants and
processing equipment, transportation of meat products for further processing, and
transportation of by-product material to by-product recovery operations and waste water
treatment units (El Boushy and van der Poel, 2000). In 1998, poultry processors in the
United States slaughtered approximately 8.1 billion chickens. Using at least 6-8 gallons of
water for each bird processed, about 48.6-64.8 billion gallons of wastewater were produced
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annually by the poultry industry (Rudbeck, 1999). In addition to the expensive capital and
operating cost, wastewater treatment generates residuals that have to be properly disposed.
Traditional disposal methods of poultry processing wastewater including land
application, landfills and incineration, are becoming more expensive and even restricted in
certain states. For example, landfilling of biosolids is no longer permitted in North Carolina
and New Jersey (Garvey et al., 1993). In the past, many poultry processing plants have relied
on local, publicly owned treatment works (POTW) for wastewater treatment and disposal.
The cost for the treatment is dependant upon the volume of water treated. However, a
surcharge may apply to wastewater containing pollutants (work loads) that exceed the preset
limits (Carawan, 1995).
Normally, the effluent from poultry processing plants contains large quantities of
animal protein and fat (Fransen, 1998). The level of these pollutants can be evaluated by a
number of different measurements, including biological oxygen demand (BOD5); chemical
oxygen demand (COD5); total suspended solid concentration (TSS); total kjeldahl nitrogen
content (TKN); concentration of fats, oils and grease (FOG); and ammonia nitrogen
concentration (NH3-N) (Merka, 1989).

Poultry processing wastewater is often tested for

BOD5, a measurement of the amount of oxygen needed to degrade organic matter such as fat,
feather and blood. An additional surcharge is applied when the BOD5 level and suspended
solids exceeds 300 mg/l (Carawan, 1995).
The costs of discarding untreated slaughterhouse wastewater into the local sewage
systems have increased during the past decade. Currently, this option is also becoming less
available because of an increase in the enforcement that forced the industry to comply with
new wastewater emission regulations. As federal grants are becoming more restrictive for
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the construction of newer wastewater treatment facilities diminish or upgrading of existing
municipal and regional sewer treatment plants, more pressure is being placed on the food
processing industry to look for more cost-effective technologies to treatment of their process
wastewater (Carey and Thronberry, 1998).
Pretreatment of poultry processing wastewater and nutrient recovery
Pretreatment of wastewater is necessary for the poultry processing industry not only
because it is required by state or municipality laws regulations, but because this system
contributes considerable benefits to the plant in terms of reducing sewer surcharge, taxes and
Industrial Cost Recovery (ICR) charges imposed by the city. This system helps cut off the
capital and operating cost of on site secondary treatment such as power cost, reducing the
secondary sludge production, and recovering valuable by-products (Green and Karmer,
1979).
Before World War ΙΙ, by-product recovery was the primary reason for the
pretreatment of wastewater. During that time, tallow prices were very high due to the
demand of soap industry. However, after petroleum-based detergent was established, the
tallow prices decreased and the market of rendered by-products changed into animal feed and
chemical productions (Green and Karmer, 1979).
The effluent from meat processing plants contains large quantities of protein and fat,
as indicated by the high concentration of TKN and FOG (le Roux, and Lanting, 2000). It has
been demonstrated that approximately 2-5 % of the total carcass protein of animals is lost to
the effluent during the slaughtering process (Grant, 1976). Based on an average TKN of 150
mg-N/l, the total amount of protein lost in poultry slaughterhouse effluent is estimated to be
about 570 million lb (91.2 million lb-N) per year. It has been determined that 1 lb of N is
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derived from 31 lb. of chicken meat (Thronton, 1999); therefore, the total amount of protein
lost in chicken process water is equal to 2.83 billion lb of chicken meat per year. Assuming
that the selling price of meat is $ 0.30/lb, the chicken industry losses approximately $0.85
billion annually in protein losses alone (le Roux, and Lanting, 2000). Although protein and
fat from the carcasses are considered the major pollutants in the wastewater, they are of high
nutritional value like other poultry products.

By means of an efficient wastewater

pretreatment process, these proteins and fats can be potentially recovered as a marketable byproduct (El Boushy and van der Poel, 2000).
Dissolved air floatation system in sludge recovery processes
In general, poultry and meat processing effluent is often pretreated by biological or
physicochemical methods. In both wastewater treatment processes, sludge is produced (Reed
and Woodard, 1976). Although both proteins and fats in processing water are biodegradable,
they can be difficult to remove by biological methods. The organic part of aerobically
activated sludge produced from biological wastewater treatment mainly consists of single cell
protein and to a lesser degree fat (Mudler et al., 1986). In contrast, the physicochemical
process is extremely efficient in removing suspended solids and FOG from poultry
processing wastewater. Therefore, the sludge obtained from this process mainly consists of
protein and fat from animal origin (Mudler et al., 1986).
The physicochemical process most widely used to pretreated meat and poultry
processing wastewater is dissolved air floatation (DAF). It is the process that uses chemicals
to coagulate and flocculate the protein and fat into large masses (flocs) before they are
separated by floatation as air is bubble up through the pool (Reed and Woodard, 1976).
There are several advantages of using the DAF system in the pretreatment of wastewater,
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including straightforward operations with a high capability to handle shock loads, and
relatively low capital costs, particularly when compared to biological treatment systems
(Reed and Woodard, 1976).
At the beginning of the pretreatment process, wastewater is screened by static and
vibrating screens to remove materials, such as bones, skin, lungs and feathers. Following
screening, wastewater is collected in a wet well where the coagulation-flocculation process is
promoted by chemical conditioning (Green and Karmer, 1979).

Colloids suspended in

wastewaters are stabilized by negative electric charges on their surfaces, causing them to
repel each other and preventing them from colliding to form flocs. Chemical coagulation and
flocculation are required to enhance in the removal of colloidal particles from suspension.
These processes, usually done in sequence, are a combination of physical and chemical
procedures (Stanley et al., 1976).
Coagulation is a chemical technique directed toward destabilization of particle
suspensions by neutralizing the force that keeps them apart. The most commonly used
coagulants are iron and aluminum salts, for instance ferric chloride FeCl3; aluminum
chloride, AlCl3 (le Roux, and Lanting, 2000); ferric sulfate, Fe2(SO4)3; and aluminum sulfate
Al2(SO4)3 (Aguilar et al, 2002). Cationic coagulants provide positive electric charges to
reduce the negative charge (zeta potential) of the colloids. As a result, the particles collide to
form larger particles (flocs) (Stanley et al., 1976).
Coagulation is usually followed by flocculation, which is a slow mixing technique
promoting the aggregation of the coagulated particles. The most widely used flocculation
aids are synthetic water-soluble polymers such as polyacrylamides (le Roux, and Lanting,
2000). An anionic flocculant will react against a positively charged suspension, adsorbing
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the particles and causing destabilization either by bridging or charge neutralization. Polymers
form bridges between the flocs and bind the particles into large agglomerates or clumps
(Stanley et al., 1976). Once suspended, particles are flocculated into larger particles and can
usually be removed from the liquid by floatation.
Floatation technique, like sedimentation, involves the separation of suspended solid
from the aqueous phase using the difference in specific gravity. In the dissolved air flotation
unit, flocculated wastewater is pumped into a floatation tank where the solid-liquid
separation is accomplished by the action of rising air bubbles. Micro air bubbles are created
by a high pressure water stream that is previously supersaturated with air in the pressure tank.
As the water is released to the floatation tank and exposed to atmospheric conditions, the air
dissolved under high pressure is released in the form of bubbles. The micro air bubbles
adhere to the suspended solid flocs, allowing them to float and form the scum blanket on the
surface, which can be continuously removed by the skimmer mechanism (Green and Karmer,
1979).
DAF sludge characteristics, treatments, and disposal problems
The sludge recovered from the DAF system of poultry processing plants is normally
referred to within the industry as dissolved air floatation float/gravity skimmer sludge,
biosolids or secondary protein nutrients (SPN) (Anonymous, 2000). Typically, treatment of
wastewater followed by chemical flocculation reduces BOD by 70-85%, while the removal
efficiencies of TSS and FOG constantly exceed 90% and 95%, respectively (Le Roux and
Lanting, 2000).

This process also reduces 60% of the nitrogen and precipitates

approximately 90% the phosphorus in wastewater (Anonymous, 2000).
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The sludge recovered from the DAF unit is an oily and pasty material with a
considerable amount of protein, fat with high content of free fatty acids and polymers, and
high moisture content.

In general, sludge generated from this system contains 90-93%

moisture, which makes sludge disposal the most expensive problem (El Boushy and van der
Poel, 2000). Therefore, DAF sludge must be dewatering before utilization or disposal.
Commonly, there are several dewatering methods available including, belt filter press
using polymers, thermal enhanced system, centrifuge, filter press, and decanting. Dewatered
sludge can be disposed by various practical and theoretical means. One of the most economic
is land application. The disposal fee is approximately $200,000 per year for a mid-size
poultry processing plant (Lee, 2002). However, this method requires a permit and it is now
becoming an infeasible practice due to restrictive environmental legislation (Carawan and
Valentine, 1992). Although landfilling was a very economic method in the past, this disposal
option has lost favor and has become prohibited in certain states because of the decrease in
landfill sites in the immediate area and the increase in the regulations applied to landfill
operations (Black et al, 1992).
Rendering is the method now most widely used to convert DAF sludge into proteins
and fat. However, DAF characteristics make it very difficult to transport, handle and process
properly by conventional rendering. Several problems often arise when DAF sludge is
converted into protein by-product meals and fat; for instance, the material from the cooker
will not allow free fat to drain from solid in the draining system. Also, polymerized DAF
tends to stick to rendering machines, making it difficult to remove and clean. Moreover,
black grease can be generated during dehydration, and it is common to find foaming and odor
problems (Anonymous, 2000). The stabilization and drying of protein-rich material in a
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rendering plant at 133°C is indeed a very expensive process (Fransen et al., 1997). The cost
of evaporating all the moisture makes processing this material an economic challenge;
estimating that approximately 1.3 pounds of steam is required to evaporate one pound of
water at a cost of $2.20 for steam per 1000 pounds of DAF material (Anonymous, 2000). In
addition, this process could destroy valuable amino acids in DAF material such as lysine
(Bender, 1970; Papadopoulos, 1989). The extensive use of rendering facilities to dispose
poultry DAF is currently restricted by the high capital costs of facilities and the
transportation infrastructure (Green and Karmer, 1979).
There are several methods commercially available for converting DAF sludge or
secondary protein nutrient into value-added nutritional products. Meyn (1990) introduced a
method for thickening and drying sludge to contain approximately 40% of moisture.

The

drying occurs by means of heat coagulation and pressing with a simple compact stainless
steel filter belt press. Finally, the end product will be dried and sterilized at 180-190°C in a
dryer drum with a jacket wall.

The advantage of this treatment method is that direct

processing of fresh flotation sludge helps prevent this material from turning rancid as a
consequence of its high free fatty acids content. Flotation sludge processed in this way has
reduced bacteria content approximately 90% and can be used as a valuable animal feedstuff.
The recent method developed called the “Claradigm By-Product Recovery System”
developed by Novus International has been said to be very efficient way in preserving
valuable nutrients, separating protein and fat components, and producing feed grade poultry
fat and meals. Immediately after DAF sludge is generated, it is mixed with Santoquin® feed
preservative to inhibit lipid oxidation. The stabilized sludge is then cooked in a continuous
cooker to break the emulsion, cook the protein, release the fat, denature spoilage enzymes
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and kill the pathogenic microorganisms. After cooking, the system removes approximately
66-75% of moisture and 50 % of fat from sludge, resulting in a solid component of
approximately 65-70% moisture. Finally, the system separates the liquid filtrate and feed
grade poultry fat is recovered. The solid stream can then be transferred to a gas-fired rotary
dryer to produce a dry, flowable powder with less than 10% moisture. This final product can
be incorporated as a concentrated form of energy and protein in animal diets (Anonymous,
2000).
In addition to Novus’s method, a new patent process developed by Rigel Technology
Corporation has also been shown to efficiently convert DAF sludge into a value-added
nutritional product for feed and fertilizer. This system is capable of producing both dry and
wet form products. The dry form products contain approximately 50% crude protein, 38%
fat, and 6% moisture. It has been used for dairy animals that require by-pass fat and protein
to produce more milk at lower cost, for general protein and fat ingredient application, and for
fertilizer application. Wet forms of products can be used for liquid feeding and extruded
products (Lee, 2002)
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The Application DAF Sludge in Animal Feeding
Potential problems associated with chemicals used in DAF sludge production
Over the years, attempts have been made to investigate the potential of including
DAF sludge in animal feed (Harstad and Hvidsten, 1973; Frastad et al., 1976; Grant, 1976;
El Boushy et al., 1984). However, float fat deposition and chemical content from the
coagulation and flocculation process are the major concerns of using DAF sludge as a feed
ingredient (Anonymous, 2000). Inorganic coagulants, such as trivalent metallic salts of iron
and aluminum, are commonly used in the pretreatment of wastewater. In addition to the
nutritional concerns with the presence of high concentration of iron or aluminum residue in
meal, metal salts cause the deterioration of rendered products quality (Barvenik et al., 1997).
Iron residues in DAF sludge could also cause combustion and metal deterioration of
equipment (Anonymous, 2000). The presence of ferric in rendered grease accelerates autooxidation, increases peroxide value and free fatty acid concentration, which could lead to fat
rancidity (Black et al., 1992). Stabilization can be obtained by the addition of ethoxyquin at
125 and 250 ppm during winter and summer, respectively (Anonymous, 2000). However, fat
oxidation mostly occurs during the floatation process (Black et al., 1992). A non-oxidizing
coagulant is therefore, introduced as an alternative to prevent auto-oxidation (Anonymous,
2000).
Polyelectrolytes are generally used as coagulants and coagulant aids to enhance the
DAF process. Although they cannot be used exclusively, polyelectrolytes do possess several
advantages over inorganic coagulants. The use of polyelectrolytes reduces the volume of
sludge produced by 50-90%. Sludge produced from this process contains less water, which
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makes it easier to dewater. By using polymeric coagulants, the problem of soluble iron and
aluminum carryover in the clarifier effluent can be reduced or eliminated.
Polyelectrolytes are further classified as inorganic and organic polymers. Inorganic
polymers, like polyacrylamides, are the most commonly used for industrial applications
(Carawanv and Valentine, 1992). However, sludge containing inorganic polymers can be
difficult to handle and process. It is also unsuitable to be used as an animal feed ingredient
(Anonymous, 2000). Conversely, natural-organic polymers, such as carageenan, chitosan
and lignosulfonic acid and their derivatives, are completely biodegradable. They are often
used to pretreat wastewater-containing high protein content. After dewatering and drying,
protein-rich sludge recovered from this process is suitable to be used for animal feed
(El Boushy and van der Poel, 2000). However, the compositions of natural polymers are
susceptible to microbial spoilage, which could lead to storage problem. When DAF sludge
that is to be incorporated into the diets of animal intended for human consumption, only
chemicals that have been approved by the United States Food and Drug Administration
(FDA) Office of Veterinary Medicine should be used for wastewater treatment processes
(Carawan and Valentine, 1992).
The application of polymers (especially polyacrylamides) during the flocculating
process produces DAF sludge with high lead content (Fransen et al., 1995). In addition, most
commercially available polyacrylamides contain a measurable level of residual acrylamide
monomer, which is a toxicological concern. Therefore, protein and fat recovered by this
process should not be used as animal feed ingredient (Le Roux and Lanting, 2000).
However, there is a group of polyacrylamides that have exclusively been developed to yield a
low concentration of acrylamide in the finished product. They are classified as “Generally

50
Recognized as Safe” (GRAS) under the criteria of the U.S. FAD (21 CRF section 570.30) for
use as animal food. These products are GRAS for their intended used as flocculants and
dewatering aids for food processing waste intended for recycling as animal feed when
applied up to the designated maximum dosage levels (Bravenik et al., 1997).
Nutritional value of DAF sludge
DAF sludge recovered from poultry and meat processing wastewater have a very high
variation in nutrient composition, depending on animal origins and chemical processes
(Fransen et al., 1995). Sludge recovered from poultry processing plants has been shown to
contain more crude fat and crude protein than those of swine and cattle-stock sludge (Mudler
et al., 1986). In general, the composition of DAF biosolids at harvest is 90% dry matter, 6%
fat and 4% non-fat solid. Post decant, moisture content is reduced to 75%, fat increases to
15%, and non-fat solid increases to 10%. After processing, sludge meal should contain 6%
moisture, 35-50% protein, 15-35% fat, and 7-15% ash. Protein and fat content of the final
product will be dependent on raw material quality. Sludge fat is typically a darker product
and is similar in composition to yellow grease (Anonymous, 2000).
When iron was not used as a flocculant aid, dried sludge recovered from the floatation
stage of meat processing contained a protein percentage varying from 61.3-73.9% (Grant,
1976). Essential amino acids of this material, such as lysine, methionine, and cystine, are
considered to be high and equal to those in eggs and casein. It has been indicated that the
nutritional value of the dried sludge was equivalent to that of meat meal and casein (Grant,
1976), and soybean meal (Mudler et al., 1986), slightly inferior to that of fish meal and
superior to that of meat and bone meal. A survey of a commercial DAF unit conducted by
Black et al. (1992) demonstrated that sludge obtained from a DAF unit with Fe2(SO4)3 used
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as a flocculation aid contained 15% fat, 8% protein and 70% moisture. The peroxide value
of this material has been shown to increase as processing time increased, indicating that the
oxidation of the fat component mainly occurred in the DAF unit (Black et al, 1992). El
Boushy et al. (1984) demonstrated that the dried effluent from poultry processing
wastewater, in which iron chloride (FeCl3) was used as a flocculant aid, contained 37.5%
crude protein, 28.6% fat, and 13.2% ash. Lysine and methionine contents are 2.11% and
0.67%, respectively. When compared to other protein sources fed on equivalent protein
levels, dried effluent protein was comparable to blood and meat meal but was significantly
inferior to that of herring meal. However, this material contained a high content of iron (41
g/kg DM), chloride (4.2 g/kg DM), and zinc, 0.4 g/kg DM), which could have a detrimental
effect on nutrient availability and animal performance. Similarly, Fransen et al. (1995)
reported that when FeCl3 was used as a flocculant during the flotation process of poultry
wastewater treatment, the levels of iron and zinc levels in DAF sludge have shown to be 38
g/kg DM and 0.3 g/kg DM, respectively. High iron content may cause a colloidal suspension
of insoluble iron phosphate, which may absorb vitamins or trace inorganic elements.
Consequently, growth depression may be observed in broilers fed diets containing sterilized
effluent protein (Scott et al., 1976). Therefore, another flocculant should be used to avoid
this disadvantage (El Boushy and van der Poel, 2000).
Nutrient composition of poultry DAF sludge reported by Lee (2002) contained
15-40% protein and 40-80% fat on a solid basis. This material was recovered form poultry
wastewater in which polymer was used as a flocculation aid. With the new patented process
of Rigel Technology Corporation, DAF sludge is converted into a value-added product
containing 50% crude protein, 38% fat, 6% moisture and 2.5% ash.
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Chitosan, a biodegradable polymer, has been used as a coagulating agent and
flocculant aid to recover coagulated by-products from poultry processing wastewater.
Chitosan is particularly effective in removing protein in processing wastewater (Bough,
1976). It has been demonstrated that the addition of chitosan at 5-10mg/l of wastewater
provided the greatest coagulation of suspended material and resulted in the lowest turbidity
values of poultry processing wastes (Bough et al., 1975). Coagulated solid, also called
secondary protein nutrients (SPN), recovered by DAF in conjunction with chitosan contains
34.4% crude protein and 45.9% crude fat. This material can be dried, extruded or rendered
along with other by-products from poultry processing to produce value-added feed ingredient
(Bough et al., 1975; Lyons and Vandepopuliere, 1997).
DAF sludge in animal feeding
The protein rich-product recovered from herring fillet wastewater has been shown to
contain comparable nutritive value to herring meal. The inclusion of this material at 8.5%
and 17% showed no significance effect on broiler performance when compared with birds
fed diets containing herring meal at equal levels (Herstad and Hvidsten, 1973). Similar
flocculated sludge obtained from slaughterhouses and fish processing plants were sterilized
and used as a substitute for soybean meal in growing swine diets. No significant effect on
swine performance was observed when 50% of soybean meal was substituted with sterilized
DAF material. When DAF material was included in swine diet at 200% of the soybean meal
used in control group, the reduction in acceptability and palatability of the diet were
observed, especially during the first week of the experiment. Significantly lower body
weight gain was found when DAF material was substituted for 100% and 200% soybean
meal, however, there was no significant difference in feed efficiency among these treatments.
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The reduction in weight gain can be explained by lower nutritional value of DAF material
(Frastad et al., 1976).
The inclusion of dried flocculated poultry sludge at 7% and 15% in broiler diets had
no adverse effect on the taste of the meat. Moreover, no histopathological changes in organs
such as liver, heart, kidney, brain, and spleen were observed (De Vries and Mudler, 1986).
When dried flocculated protein was incorporated at 5% in swine diet, a satisfactory growth
rate was observed over 68 trail days (Grant, 1976).
Grant (1976) conducted a standard feeding trial using protein recovered from
processing plants without iron as a flocculant on crossed cockerels. Dried protein effluent
was included to provide 50% of total crude protein in the diet. The relative growth rate, feed
consumption, and feed efficiency were recorded until the birds were 4 weeks of age. There
was no evidence of toxic side effects that could be attributed to the recovery process of the
birds. These results indicated that this flocculated protein could be potentially used as a
concentrate for feeding poultry.
El Boushy et al. (1984) conducted two experiments to investigate the effect of
including dehydrated poultry wastewater sludge in broiler diets. In the first experiment, six
dietary treatments containing 2, 3, 4, 5, 6, and 7% pure dehydrated sludge were compared
with a control diet. All diets were formulated to be isonitrogenous and isocaloric, and
contained equal levels of calcium and phosphorus. Methionine and lysine were added as
needed. The results from this experiment indicated that dried sludge could be practically
used as a feed ingredient as far as methionine, cystine, and metabolizable energy were
concerned. However, the disadvantages of this material were the high cost of drying and its
high iron content (4.1%). Increasing the proportion of dried sludge from 2-7% in the diets
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evidently decreased the growth rate of broilers at 4 and 7 weeks of age because of the high
iron concentration. In the second experiment, the effect of 4% and 7% of dried sludge were
studied in comparison with equivalent protein levels provided by meat, blood and herring
meal. Blood and meat meal were comparable to dried sludge when supplied on equivalent
levels, while herring meal was significantly superior to that of the dried sludge protein.
Lyon and Vandepopuliere (1997) demonstrated the effects of using sludge chitosan
produced secondary protein nutrients as a feed ingredient on broiler performance. The
sludge was dried and/or extruded to produce different types of SPN samples. All products
were included at 3-15% in broiler starter diets. At 3 weeks of age, body weight gain and feed
efficiency of broilers fed diets containing dried SPN were significantly decreased at all levels
of SPN feeding. However, no significant difference was observed among birds receiving
extruded SPN product. A significantly decreased body weight gain was observed when the
non-predried, extruded SPN product was included above 6% in the diets. Feed efficiency
was not affected by the SPN form products, which had been partially dried prior to extrusion.
Lyon and Vandepopuliere (1997) concluded in their experiment that SPN could be
incorporated at the levels up to 4% in the diets without affecting broiler performances.
Biohazard of DAF sludge
In general, raw slaughterhouse sludge is known to be highly contaminated with
human and animal pathogenic microorganisms as well as bacteria that produce enzymes
which catalyze the breakdown of amino acids and fats that spoil the product quality (Mudler
et al., 1986). Frastad et al. (1976) indicated that flocculated protein from meat processing
plants contains a total number of 3×104 organisms/g. The population consists mainly of
coliforms and aerobic spore-formers. Mudler et al. (1986) compared the microbiological
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composition of sludges recovered from broiler and swine wastewater and found no
significant difference.

Both the total aerobic bacterial count and the number of

Enterobacteriaceae, Escherichia coli and Salmonella were found to be high. Similarly,
Fransen et al. (1996) demonstrated that raw flocculated sludge collected form poultry and
swine slaughterhouses were heavily contaminated with Enterobacteriaceae (6.3-1.0 in log10
N/g. DM) and enterococci (4.6-7.9 in log10 N/g. DM). Clostidia was present in the sludge at
a level of 3.1-5.8 in log10 N/g. DM. Salmonella was detected from all the slaughterhouses
that were inspected. Yersinia enterocolitica serotypes O:3 and O:9 were found in sludge
from 7 out of 13 slaughterhouses. Campylobacter spp. has been mentioned as the causative
agent of human gastroenteritis as a result of the consumption of poultry meat and pork
(Becker, 1986; Yanagisawa, 1980). Sludge from both poultry and swine slaughterhouses
contain high levels of Campylobacter jejuni and Campylobacter coli. However, the level of
Campylobacter spp. in poultry sludge was higher than that of swine sludge. Mudler et al.
(1986) could not detect Campylobacter spp. in poultry and swine sludge, probably due to the
difference in isolation procedures.
Microorganisms in recovered sludge, such as Salmonella, Campylobacter spp.,
Yersinia enterocolitica, and clostridia can be harmful to both human and animal health.
When it is to be used as a feed ingredient, raw slaughterhouse sludge should be processed to
be free from these pathogenic microorganisms. Also, the deterioration of this material as a
result of microbial as well as enzymatic activity should be prevented to preserve its nutrition
value (Fransen et al., 1995).
Viruses and spore-forming bacteria from slaughterhouse sludge were completely
eliminated by drying and sterilization processes (Edel, 1983). After being pasteurized at
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95°C for 5 minutes, the number of Enterobacteriaceae, enterococci, clostridia, yeasts, molds,
and lactobacilli of raw sludge were below the detection levels. Salmonella could not be
detected in 20 g samples of pasteurized sludge (Fransen et al., 1998). However, the safest
method for utilization of the recovered sludge from wastewater as a feedstuff in poultry diets
is to process it in the rendering plant, where temperatures go up to 130°C for at least half an
hour (El Boushy and van der Poel, 2000). Although pasteurization is sufficient to inactivate
microorganisms found in slaughterhouse sludge, subsequent preservation of the sludge could
help prevent germination and outgrowth of spore forming bacteria or a possible
recontamination (Fransen et al., 1998). Research has shown that fermentation of pasteurized
products to a pH level below 4.6 successfully reduced pathogenic spore-forming bacteria,
such as clostridia, to the harmless level (Steinkraus, 1982; Hobbs, 1986; Fransen et al.,
1998). While salmonella, Enterobacteriaceae, enterococci, yeasts and molds in pasteurized
sludge fermented with 3.5% and 5% (wt/wt) dextrose were constantly below detection levels,
clostridia spores regerminated and grew back during the 21 days of the fermentation period.
However, preserved pasteurization sludge with the combination of 0.25% dextrose (wt/wt)
and formic acid 0.1% (v/v) was sufficient to completely inhibit the germination and
outgrowth of clostridia spores throughout the experimental period (Fransen et al., 1998).
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The Use of Markers Digestibility Studies for Domestic Animals
Introduction
Good estimates of the feeding value (digestible protein and energy) of feed
ingredients is essential in the formulation of animal diets. Although, the nutritional value of
feed ingredients can be readily measured by chemical analysis, these evaluations do not
present the actual availability of nutrients that animal can utilize (Short et al., 1998). The
commonly used method to determine metabolizable energy and nutrient digestibility of
animal feeds is total collection. This method relies on the quantitative measurement of
excreta voided from a known amount of feed consumed (Sibblad, 1982). However, this
method is laborious, requires special equipments, and is subjected to criticism on animal
welfare because of the restriction of housing on the animal freedom of movement (Bakker
and Jongbloed, 1994).
Properties of an effective indigestible marker
Dietary inclusion of indigestible substances (markers) has been frequently used as
alternative to total collection method in the study of nutritional availabilities (Kotb and
Luckey, 1972). These methods assume that the marker is not absorbed during its passage
through the gastrointestinal tract. Therefore, the amount of food absorbed by the bird can be
determined from the ratio of marker in feed and excreta samples (Jagger et al., 1992). The
addition of a marker helps reduce the errors associated with the inaccurate measurement of
feed intake, excreta output and contamination of excreta (Sibblad, 1987) and it is particularly
suitable for the study where total collection cannot be undertaken (Barton and Houston,
1991).
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An ideal marker for the determination of digestibility values should be non-toxic,
indigestible and unabsorbed during its passage through the gastro-intestinal tract,
pharmacologically inactive, have no influence on the physiological processes of the digestive
tract, closely associated with undigested nutrient and passes through the tract as a uniform
rate, totally recoverable from the excreta, readily determined by chemical analysis, as well as
naturally present in food (Kotb and Luckey, 1972; Maynard et al., 1979). Unfortunately,
there is not a marker that totally fulfills all these requirements.
External and internal markers
Markers commonly used for nutrient digestibility studies are classified as either
external or internal markers. External markers are indigestible substances that are added or
bonded to the feed or excreta or directly administered to animal. The most widely used
external markers in nutritional studies are chromic oxide (Lloyd et al., 1955) and titanium
dioxide (Peddie et al., 1982). An internal marker is a chosen naturally occurring substance
that forms an integral part of feed consumed by the animal. The advantage of using an
internal marker is that it is inexpensive and convenient, and could be particularly useful in
the study with wild life or free-range animals, which are difficult to dose with external
markers (Marais, 2000).

An internal marker most widely used in metabolizable and

digestibility studies with is acid-insoluble ash.
Chromic oxide (Chromium sesquioxide, Cr2O3)
Chromium oxide is one of the most commonly used markers in studies of feed
utilization (Kobt and Luckey, 1972). In the 1960’s, chromic oxide has been successfully used
as a marker to determine metabolizable energy and digestibility of feeds and feed ingredients
of avian species and pigs (Dansky and Hill 1952; Lloyd et al., 1955; Vohra, 1966; Savoy and
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Gentle, 1976). The use of chromic oxide has been shown to provide more accurate results
than the total collection method because the errors associated with the measurement of total
feed intake and excreta output can be eliminated (Sibbald et al., 1960). However, the use of
chromic oxide has been shown to be associated with several problems.
In avian species, recovery rate of chromium has been shown to vary from 88 % in
turkeys (Prada et al., 1983) and growing chickens (Mueller, 1956; Vohra and Kratzer, 1967)
to 101% in the studies with growing chickens and adult cockerels (Mueller, 1956; Yoshida
and Morimoto, 1957). Although, a high recovery rate of chromic oxide were observed in
some pig (98-99%) studies (Lloyd et al., 1955; Bakker and Jongbloed, 1994), low recovery
rates of chromic oxide have been reported in other studies (McCarthy, 1974; Sugimoto, 1984;
Moughan et al., 1991; Jagger et al., 1992).
Low recovery rates of chromic oxide were associated with coarsely ground diets of
cockerels (Mueller, 1956). Similarly, Han et al. (1976) reported lower recovery rate of
chromic oxide in poultry diets containing high fiber feed ingredients. The lower recovery
rate of chromic oxide could be the result of incomplete mixing properties of chromic oxide
with large fiber particles, or the separation of chromic oxide from other feed ingredients,
either during feeding, passage through the digestive tract, or grinding of sample for analysis
(Han et al., 1976). In addition, loss of feces, grinding of fecal samples, as well as the method
of analysis are other possible reasons for a low recovery rate of chromic oxide (Moore,
1975). The repeatability of analytical values between laboratories has been shown to be very
difficult to obtain although the same method has been used to determine a recovery rate of
chromic oxide, (Dansky and Hill, 1952; Yoshida and Morimoto, 1957).
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Chromic oxide (Cr3O2) has been widely used as an external marker in nutritional
studies by many researchers (Dansky and Hill, 1952, Lloyd et al., 1955). However, the use of
this compound has become less acceptable due to the use of perchloric acid in the
colorimetric method to determine chromium content poses a serious risk to laboratory safety
(Peddie et al., 1982). It also can oxidize unsaturated fatty acids and lead to the reduction in
their availability (Steel and Clapperton, 1982). Moreover, the Cr2O3 marker is carried more
readily by the fluid fraction than the solid fraction of the digesta (Oberleas et al., 1990),
which may introduce more variability depending upon the physical characteristics of the diet.
Titanium dioxide (TiO2)
Titanium dioxide is a white pigment that is insoluble in water, hydrochloric acid,
nitric acid, or diluted sulfuric acid. It has been used as an alternative to chromium oxide as a
marker in digestion studies (Kotb and Luckey, 1972). Titanium dioxide has also been legally
added to feeds as a color additive in amounts that do not exceed 1% of the finished product
(AFFCO, 1996). The role of titanium dioxide as a marker was proposed by Askew (1931) in
digestibility studies with sheep. In 1950’s, titanium dioxide was reintroduced as a suitable
index substance for the study of quantitative intestinal absorption (Fournior, 1950). The rate
of passage through the digestive tract of titanium has been demonstrated to be similar to that
of calcium (Fournior, 1950) and phosphorus (Fournior and Dupris, 1953). Therefore, it was
often used to determine the site of calcium and phosphorus absorption from the
gastrointestinal tract (Fournior and Dupris, 1953).
Titanium dioxide is described as an external marker because it is found at a low
natural concentration in feed ingredients (Kotb and Luckey, 1972). The studies of nutrient
digestibility with rat and sheep indicated that small amounts of titanium dioxide can be fed
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without detrimental effect and quantitative recovery from feces is possible (Askew, 1931;
Fournior, 1950; Njaa, 1961). The study of titanium dioxide as a digestibility marker for
ruminant is limited (Titgemeyer et al., 2001). Hafez et al. (1988) observed 99% recovery of
titanium dioxide from dairy cows consuming diets containing concentrated, grass silage and
corn silage.

Fecal recoveries from individual cows only range from 95.5 to 101.5%,

indicating consistent recovery rate. However, titanium dioxide recovery from feces was
found to be highly variable in steers fed a forage-based diet (93%) and corn-based diets (90%
and 95%). Although these recoveries were not significantly different from 100%, they did
lead to a significant underestimation for corn-based diets. Future research is required to
determine the usefulness of titanium dioxide in measuring digestibility in cattle (Titgemeyer
et al., 2001).
In studies with pigs, Jagger et al. (1992) observed a high recovery rate of titanium
dioxide in feces (98%), while incomplete recovery rate (92.3%) was reported by Kavanagh et
al. (2001). Jagger et al. (1992) has also indicated that the inclusion of titanium dioxide at 1
g/kg diet appeared to be more suitable for digestibility study than using 5 g/kg diet because
high titanium dioxide level reduced feed palatability, which could lead to lower rate of feed
consumption and a reduction in marker recovery. The addition of titanium dioxide at 1 g/kg
diet has also been demonstrated to provide similar fecal digestibility of nitrogen and amino
acid values as those obtained from total collection method (Jagger et al., 1992).
Titanium dioxide has been used to measure apparent digestibility, feed intake and
rates of food passage in domestic fowls (Peddie et al., 1982; Short et al., 1996), Japanese
quail (Savoy and Hodgkiss, 1984) and raptor (Barton and Houston, 1992). The recovery rate
of titanium dioxide in digestibility studies with hens (Peddie et al., 1982) and chickens (Short
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et al., 1996) have been shown to be 97.5% and 98.7-99.7%, respectively. Accordingly,
Peddie et al. (1982) concluded that titanium dioxide comes close to meet the important
criteria for ideal marker. Conversely, the recovery rates of titanium dioxide in raptor trails
have been shown to be extremely low (average 67.5%), with a high variability among
individuals and species (Barton and Houston, 1991). The incomplete recovery of the marker
could result from incomplete recovery of feces, the prolong retention of titanium dioxide in
digestive tract because of its low specific gravity (Lloyd et al., 1956), and the loss of titanium
dioxide during sample preparation, grinding, ashing, as well as dissolution (Barton and
Houston, 1991).
Acid-insoluble ash (AIA)
Acid-insoluble ash is the indigestible mineral components, mainly silica, left after
treatment with hydrochloric acid and ashing (Shrivastava and Talapatra, 1962).
Acid-insoluble ash is determined chemically using a simple gravimetric method of analysis.
Currently, there are two gravimetric methods used to determine acid-insoluble ash in a
sample, as described by Vogtmann et al. (1975) in avian digestion studies and Van Keulen
and Young (1977) with ruminants, pigs and horses.
Normally, the amount of AIA present in feed and excreta of animal fed high grain
diet is too low to be measured by a gravimetric method (Thonney, 1981). The additions of
exogenous sources of natural acid-insoluble ash, such as celite, sand and silica, have been
shown to improve the accuracy of this measurement. Therefore, acid-insoluble ash could
also be classified as external marker (Sales and Janssens, 2003).
Acid insoluble ash has been used as a naturally occurring marker for the
determination of digestibility of feed in monogastrics and to less extend in ruminants.
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Shrivastara and Talapatra (1962a) used acid-insoluble ash of feed and feces as an internal
marker for ruminant feed. They observed an average recovery rate of the marker to be 99.8%
and the estimated digestibility coefficients were not different from those values obtained
from the total collection method. Similar effects have also been reported in using this marker
to determine the pasture consumption and level of nutrition digestibility of grazing sheep
(Shrivastara and Talapatra, 1962b).
Van Keulen and Young (1977) successfully used acid-insoluble ash to determine the
dry matter digestibility of sheep fed diets containing pelleted hay plus grain. Similarly,
Block et al. (1981) reported that acid-insoluble ash was a suitable natural marker for the
determination of dry matter digestibility when hay and grain diets were fed ad-libitum to
sheep and dairy cows. The recovery rates of acid-insoluble ash have been shown to be close
to 100% and were not significantly different from those obtained from total collection
method.
However, the acid-insoluble ash marker method is not suitable for the determination
digestibility of feedstuffs containing low acid-insoluble ash content because of large
sampling variation (Van Keulen and Young, 1977; Thonney et al., 1985). The contamination
of ingesta and excreta with soil, dust or the consumption of bedding material has been
observed to reduce accuracy when acid-insoluble ash was used as marker as compared with
other markers (Van Dyne and Lofgreen, 1964; Van Keulen and Young, 1977). The
absorption and excretion of soluble siliceous substance in urine and the temporary
accumulation of inert silica in digestive tract of grazing ruminants (Van Dyne and Lofgreen,
1964) could lead to the inaccuracy of digestibility determination.
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Wunsche et al. (1991) indicated that nutrient digestibility of pig diets obtained from
using acid-insoluble ash as a marker were similar to those obtained from total collection
method. High recovery rates of acid-insoluble ash in pig feces (98.2%) have been found in a
digestibility study with pigs (Moughan et al., 1991).

Similarly, Sugimoto (1984) and

Kavanagh et al. (2001) obtained almost 100% recovery rate when acid-insoluble ash was
used as a digestibility marker in pig diets. McCarthy et al. (1974) suggested that the method
becomes more reliable as the level of acid-insoluble ash in the diet is increased. They also
concluded that acid-insoluble ash was superior to chromic oxide as an indicator for
determining the nutrient digestibility of pigs. However, relatively low recovery rate of acid
insoluble ash (90%) has been demonstrated by Furuya et al. (1982), while Bakker and
Jongboled (1994) reported high recovery rates of acid-insoluble ash ranging from 97% on a
cellulose containing diet up to 183% on a cereal-based diet.
The low recovery rate of acid-insoluble ash could be the result of an increase in crude
fiber level in the diets (Sugimoto, 1984). However, Rundgren and Haglund (1988) found no
effect of dietary crude fiber content on acid-insoluble ash recovery. The higher recovery rate
obtained from the study of Bakker and Jongboled (1994) may be explained by the use of
weak acid (3N vs 4N HCl), which may have failed to dissolve some salts formed in the
gastrointestinal tract of pigs. Dan Harlog et al. (1988) observed similar results when the same
procedure was used to determine the recovery of acid-insoluble ash in digestibility study with
pigs.
In avian species, the use of acid-insoluble ash method in digestibility studies was
compareable to total collection method (Vogtmann et al, 1975; Tillman and Waldroup,
1988a.b; Cheng and Coon, 1990; Nizza and Meo, 2000, Moniello et al., 2000). Although,
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Vogtmann et al. (1975) found that the acid-insoluble ash gave similar accuracy as the total
collection method for determination of metabolizable energy and digestibility of fatty acids
in broilers, many studies obtained higher digestibilities in chickens, laying hens, ostriches
and partridges (Tillman and Waldroup, 1988a; Cheng and Coon, 1990; Nizza and Meo, 2000;
Moniello et al., 2000). High variability in metabolizable energy and amino acid of extruded
grain amaranth have been reported with growing chickens when using acid-insoluble ash as
marker in comparison to determination using total collection method (Tillman and Waldroup,
1988a, b).

They concluded from the results that the addition of sand at 0.25% to

experimental diets as exogenous source of acid-insoluble ash may have interfered with acidinsoluble ash assay instead of increasing its accuracy.
Cheng and Coon (1990) indicated significantly higher levels of Ca digestibility in
laying hens as determined by the acid-insoluble ash method after the addition of high silica
content (> 0.2%) into the diet. Since the flow rate of acid-insoluble ash through the digestive
tract could reflect the passage of undigested feed (Schang et al., 1983), a high dietary level of
silica might have failed to reflect the passage of indigested feed (Cheng and Coon, 1990).
Furthermore, Whitson et. al. (1943) suggested that silica is unsuitable to be used as a
digestibility marker in poultry because of the high mineral and low silica content of their diet,
possible retention of silica particle in gizzard and the occurrence of silica in the feather.
Nizza and Meo (2000) reported that acid-insoluble ash method is not a feasible
method for determining diet digestibility in ostriches. Because of their indefinite eating habit
under normal condition, ostriches accumulated siliceous particles in their proventriculus,
which leds to a very high marker recovery rate (128%) and subsequently the overestimation
of apparent digestibility coefficients.
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The high recovery rate of acid-insoluble ash could also be the result of the ashing
method used to determine acid-insoluble ash content in a sample. It has been indicated in
most studies that metabolizability and digestibility values obtained from Vogtmann et al.
(1975)’s method were significant higher than those obtained from the method of Van Keulen
and Young (1977).
Sale and Janssens (2003) observed lower apparent metabolizable energy and nitrogen
retention when acid-insoluble ash was used as internal marker in pigeons.

The lower

apparent digestibility values is believed to be the result of a low internal marker content in
the diet that could partially be attributed to analytical error. Thonney et al. (1985)
recommended that the acid-insoluble ash content should exceed 0.75% on dry matter-basis in
order to get accurate measurement. However, the acid insoluble ash values in pigeon diets
demonstrated by Sale and Janssens (2003) were only 0.06 and 0.04% for corn and peas,
respectively.
Conclusion
Analysis of acid-insoluble ash is less expensive, less hazardous, and requires less
analysis time than chromic oxide method.

In addition, acid-insoluble ash eliminates

electrostatic separation problems associated with other digestibility marker, such as chromic
oxide (Schang et al., 1983). For the sake of accuracy, however, at least 3 g of sample with
the analysis of acid-insoluble ash is needed (Scott and Boldaji, 1997). The inaccuracy of
measurement using acid-insoluble ash in feed containing too low acid-insoluble ash content
by gravimetric method could be overcome by the addition of exogenous ash component to
the feed. With all these advantages, acid-insoluble ash is increasing in popularity as maker in
digestibility studies.
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Titanium dioxide has also demonstrated to be a very useful digestibility marker
because it can be legally added to feed (AAFCO, 1996). In addition, this method requires
only a small amount of sample (0.1 g) for titanium dioxide content determination (Short et
al., 1996). Since the ideal marker has not been found yet, more research should be deliberate
on comparison of the most suitable markers for accuracy, safety, and standardization of
analyses, repeatability between laboratories and species, as well as the recovery rate in
excreta (Sales and Jansens, 2003).
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ABSTRACT
Feed-grade phosphoric acid has been shown to be more effective than lactic acid
fermentation in preventing microbial protein degradation and improving protein quality of
poultry mortality silages. However, impurities in feed-grade phosphoric acid may adversely
affect protein and lipid quality of the silages. The objective of this research was to study the
effectiveness of iron-free food-grade phosphoric acid in preserving nutrient quality of poultry
mortality in comparison to feed-grade phosphoric acid stabilization and lactic acid
fermentation.

Female broiler breeder carcasses were ground and mixed with 183 ppm

ethoxyquin and 0.1% propionic acid, and then subjected to one of 10 preservation treatments,
including a baseline (fresh ground poultry carcasses frozen at -20°C), 6 treatments arranged
as a factorial of 2 sources of phosphoric acid (feed- and food- grade) and 3 levels of
acidification (2.76%, 5.52% and 8.28% wt./wt.), and 3 additional lactic acid fermentation
treatments fueled by 3 levels of dextrose (6, 9, and 12% wt./wt.). Following 15 and 45 d of
storage at ca. 22 C, the silages were evaluated for nutrient compositions, and protein and
lipid quality. Protein quality of the silages was determined by the pH increase over the
period of storage, and the level of protein degradation by-products including, % nitrogen as
volatile nitrogen (VN) and biogenic amines content. The percent free fatty acid (FFA) and
fat oxidative stability index (OSI) were used to evaluate fat quality of the silages. During the
short period of storage (15 days), feed-grade and food-grade phosphoric acid were more
effective in preserving protein and lipid quality of silages than lactic acid fermentation.
However, during the long period of storage (45 days), food-grade showed more promise than
feed-grade phosphoric acid and lactic fermentation in preserving the nutrient quality of
poultry mortality silages. Treatment main effects and interaction effects of 2 sources and 3
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levels of phosphoric acid were observed following both periods of storage. Silage dry matter,
ash and phosphorus content increased while the crude protein content decreased as the level
of acidification increased (p <0.01). In contrast to the food-grade source of phosphoric acid,
iron content of silages increased as the level of the feed-grade source increased (p <0.01),
which was associated with the reduction of protein and lipid quality. The pH stability of
silage improved as the acidification levels increased, especially in the food-grade phosphoric
acid group (p <0.01). The addition of ≥5.52% phosphoric acid decreased the levels of
selected biogenic amines. Significant treatment interaction effects were observed in total
biogenic amine content after the short period of storage, but only acidification level effects
were observed after the long period of storage. In contrast to food-grade, preservation with
the feed-grade source resulted in higher VN (p <0.01) and FFA. Regardless of the source of
acid, using ≥5.52% phosphoric acid decreased both VN and % FFA level (p <0.01).
Acidification ≥5.52% phosphoric acid also reduced OSI (p <0.01) after 15 days of storage,
especially when the feed-grade source was used. There was no phosphoric acid source effect
on % FFA after 45 days of storage. At 2.76% level of acidification, the feed-grade source
was a less effective preservative of protein and lipid quality than food-grade phosphoric acid,
due to the adverse effects of metal impurities in the feed-grade source. There were no
consistent treatment main and interaction effects on fatty acid profile of oils extracted from
poultry mortality silages. Direct acidification using phosphoric acid was found to be more
effective than lactic acid fermentation in preserving protein and fat quality of the poultry
silages. Based on the level of VN and FFA, food-grade phosphoric acid was a more effective
method in preserving protein quality at a low level of acidification than the feed-grade
source; however, no further advantage was observed beyond 5.52% acidification level.
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INTRODUCTION
The on-farm preservation may reduce costs of daily pick up and delivery of poultry
mortality carcasses to rendering facilities. It is also an effective method to preserve the
nutrient quality of poultry carcasses, which can be recycled into valuable feed ingredients
(Blake et. al., 1998). Poultry mortality carcasses may be preserved by refrigeration, lactic
acid fermentation, and direct acidification (Crews et. al., 1994). Refrigeration is limited by
the size of the container and access to electrical power. Lactic acid fermentation has been
demonstrated as a feasible method to preserve poultry mortality carcasses the on-farm prior
to further processing into protein by-product meals (Murphy and Silbert, 1992; Cai et. al.,
1994; Cai and Sander, 1995; Middleton and Ferket, 2001, Middleton et al., 2001).
Successful lactic acid fermentation can eliminate many of pathogens and prevent microbial
spoilage. However, the bacteria responsible for fermentation also degrade proteins and amino
acids into breakdown products, such as ammonia and biogenic amines. The presence of high
levels of these nitrogenous compounds can adversely affect animals if inclusion levels of
fermented products are too high in the diets (Urlings et. al., 1993b).
Direct acidification of ground poultry mortality using feed-grade phosphoric acid
(H3PO4) is an alternative to lactic acid fermentation. This prevents microbial spoilage and
preserves protein quality of poultry carcasses. Phosphoric acid is currently used by the feed
industry in the production of monocalcium and dicalcium phosphate. The use of feed-grade
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phosphoric acid to preservative animal offal before conversion into animal by-product meals
would also provide an additional source of dietary phosphorus in animal diets (Middleton
and Ferket, 2001). Since, the antimicrobial effect of strong inorganic acids relies on their
capability to lower external pH and inactivate membrane surface enzyme, a relatively high
level of phosphoric acid is required to suppress microbial growth and survival (Brown and
Booth, 1991).
In comparison to lactic acid fermentation, preserving poultry mortality silage with
7.2% and 9.37% feed-grade phosphoric acid resulted in lower levels of volatile nitrogen (VN,
sum of ammonia and biogenic amines) and higher protein quality when stored at room
temperature for up to 15 and 45 days (Middleton and Ferket, 1999). In a different study,
Middleton and Ferket (2001) also reported that at least 6.9% and 8.28% feed-grade
phosphoric acid were required to stabilize protein quality of silage following 13 and 45 days
of storage, respectively. In comparison to lactic acid silage, ground poultry mortalities
preserved with 8.28% feed-grade phosphoric acid had significant lower rate of protein
degradation as indicated by lower non-protein nitrogen production.

Based on VN

compounds level, short term (up to 14 days) preservation of poultry mortality carcasses with
feed-grade phosphoric acid produced a silage suitable for further processing into feed
ingredients.

However, inclusion of at least 5.07% feed-grade phosphoric acid in the

mortality silage is required for a long period of storage (up to 45 days) to obtain raw material
with comparable quality for feed ingredient manufacture (Middleton et. al., 2001).
The addition of ethoxyquin (183 ppm, as is basis) to poultry mortality silage
preserved by feed-grade phosphoric acid was reported to improve lipid stability without
adversely affecting protein quality (Middleton and Ferket, 1999). However, the high mineral
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content of feed-grade phosphoric acid, especially iron, can adversely affect the lipid quality
of these silages. Therefore, the use of a more pure source of phosphoric acid, food-grade
phosphoric acid, is expected to be more effective in preserving both protein and lipid quality
of poultry mortality carcasses. The objective of this research was to study the effectiveness
of difference sources and levels of phosphoric acid for preserving protein and lipid quality of
poultry mortality carcasses in comparison to lactic acid fermentation

MATERIALS AND METHODS
Poultry mortality silages preparation
Female broiler breeders1, 64 weeks of age, were euthanized by cervical dislocation
and then ground using a commercial meat grinder2 through a 5 mm die.

Ninety one

kilograms (200 lbs) of ground raw material were placed in a stainless steel double ribbon
mixer and mixed with 23.87 g. of ethoxyquin emulsion3 (wt./wt., the equivalent of 183 ppm
as is basis or 500 ppm on a 100% dry matter basis) for 20 minutes. Propionic acid4 (1g
propionic acid/kg ground broiler, 0.1% wt./wt.) was sprayed on the ground material during
the mixing period to discourage mold growth during the storage period. This basal mixture
was then subdivided into 10 preservation treatments groups including, a baseline (fresh
ground poultry carcass frozen at -20°C), 6 treatments arranged as a factorial of 2 phosphorus
sources and 3 levels of phosphoric acid, and 3 lactic acid fermentation preservation
treatments each containing a different level of carbohydrate. The 2×3 factorial treatment
combinations were prepared by mixing the basal mixture with 2.76%, 5.52%, and 8.28%

1

Arbor Acre Yield, Arber Acres, Inc., Glastonbury, CT 06033-6501
78-BG Buffalo, John E. Smith’s Sons Co., Buffalo, NY 14201
3
Santoquin™ Emulsion Solutia, Inc. St Louis, MO 63166
4
Eastman Chemical Co. Kingsport, TN 37662
2
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(wt./wt. concentrated acid basis) of a 74.5% feed grade phosphoric5 or 85% food-grade
phosphoric acid6 to produce the acidified silages. The lactic acid fermentation treatments
were prepared by mixing the basal mixture with 6%, 9%, and 12% dextrose7 (carbohydrate
source) and a commercial silage innoculant8 at 2 times the recommended level (125 mg dry
innoculant/kg wet silage to supply ≥ 2 billion CFU’s of total lactic acid bacteria per gram) to
provide adequate levels of acid forming bacteria in the fermentation mixture.
Each treatment of ground mortality mixture was divided into 6 replicate containers: 3
replicate containers for 15 and 3 for 45 days of storage. These mortality silage mixtures (1.5
kg) were placed into 1-gallon PVC containers, lined with clean small trash can polyethelyne
liners and then initial pH was measuremed9. The container lids were loosely secured to allow
the gases that may be generated to vent and stored at ambient temperatures that fluctuated
between 20 and 30 C. Three replicate containers not subjected to phosphoric acid or lactic
acid preservation was stored by freezing at -20°C in polyethylene storage bags for baseline
comparison purposes. Following 15 and 45 d of storage, all treatments were transferred to 50°C freezer prior to protein and lipid quality analysis.
Silage pH measurement. The measurement of pH immediately after mixture and
following 15 and 45 days of storage were performed on all replicates9 containers to evaluate
the treatment effects. Triplicate readings were made on each replicate container by direct
submersion of the pH probe into the silage material to a dept of 5 cm. pH readings were
allow to stabilize for 30 seconds and the average of the 3 values was recorded as the pH
determination for each replicate.
5

Amberphos™, PCS phosphates, Kinston, NC 28502
Amberphos™, PCS phosphates, Kinston, NC 28502
7
Clintose®, ADM Corn Processing, decatur, IL 62521
8
Stabisil™, Medipharm, USA, Des Moines, IA 50322
9
220pH Meter, Corning Science Products, Corning Glassworks, Corning, NY 14831
6
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Poultry mortality silages protein quality evaluation
Volatile Nitrogen. The percentage of nitrogen as volatile nitrogen content (%N as
VN) of all replicate containers, including baseline sample, were measured following 15 and
45 of storage by a modified macro-distillation method (Pearson, 1976). Duplicate two-gram
(±0.01) representative samples from each replicate container were mechanically
homogenized10 for one minute and quantitatively transferred into micro-kjeldahl distillation
tubes. Approximately 50-100 mg of zinc powder11, 0.4 grams of magnesium oxide12, and 1
ml of octyl alcohol13 were added into each tube. The volumes of all tubes were brought to
250 ml with deionized water and the pH of each tube was adjusted to pH ≥ 11 with 0.1N
NaOH14. As recommend by to the equipment’s manufacturer, the hydrolyzed samples were
steam distilled15 into a 2% boric acid solution16 and titrated by an automated system17 using a
normalized 0.1N sulfuric acid18 for volatile nitrogen determination.

Samples from all

replicate containers were also subjected to dry matter and total kjeldahl nitrogen analysis
(Fleck and Munro, 1965; Association of Official Analytical Chemists, 1984).

Volatile

nitrogen values were expressed as percentage of total sample nitrogen on a dry matter basis
as recommended by Urlings et. al. (1993a, b).
Biogenic Amines. Representative samples of the baseline mixture and of all poultry
mortality silages produced during both storage periods were submitted to the Dr. Lloyd

10

Model “Mark II” Tissumizer, Tekmar Co., Cincinnati, OH 45222
Fisher Scientific, Fairlawn, NJ 07410
12
Fisher Scientific, Fairlawn, NJ 07410
13
Fisher Scientific, Fairlawn, NJ 07410
14
Fisher Scientific, Fairlawn, NJ 07410
15
Buchi 321 Distillation Unit. Brickman Instruments, Inc., Westbury, NY 11590
16
Fisher Scientific, Fairlawn, NJ 07410
17
Metrohm 665 Dosimat, Brinkman Instruments, Inc., Westbury, NY 11590
18
Fisher Scientific, Fairlawn, NJ 07410
11
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Bennett (Mississippi State University, Starkville, MS) for analysis of biogenic amine content
using High Performance Liquid Chromatography (HPLC) method (Tamim et. al., 2002).
Poultry mortality silages lipid quality evaluation
Lipid extraction protocol. A modified extraction procedure (Bligh and Dyer, 1959;
Christie, 1982) was used to extract crude lipids from the baseline poultry mortality silages
and all of the phosphoric acidification silage samples. Poultry mortality silage samples were
blended with a 2:1 petroleum ether-methanol19 solvent mixture (vol./vol.) in a commercial
blender20 for 4 minutes using a final dilution of solvent five fold the volume of tissue. The
mixtures were then filtered through coarse filter paper21. The filtrate was collected while the
filter cake was resuspended in the solvent mixture and blended for an additional 3 minutes.
Filtrate was again collected while the filter cake was discarded. Filtrates of each replicate
were combined and the polar (methanol) fraction of the filtrate was discarded. The non-polar
(petroleum ether) fraction was then rinsed with distilled water to facilitate the removal of
acidic residues and non-lipid contaminants. The non-polar fraction was finally removed by
rotary evaporation22. The concentrated crude lipids from each replicate was obtained and
stored at –20 °C under nitrogen pending analysis. The extraction process was repeated for
each replication sample until adequate crude lipid was collected for all analyses.

No

quantitative extraction or transfer was attempted.
Free fatty acid analysis. Free fatty acid content of oils extracted from all poultry
mortality silage samples following 15 and 45 days of storage, including the baseline samples,
were determined using AOAC Official Method Ca 5a-40 (American Oil Chemists’ Society,

19

Fisher Scientific, Fairlawn, NJ 07410
Waring® Commercial Blender Model 31BL92, Waring Commercial, New Hartford, CT 06057
21
Fisherbrand™ Quantitative Q80, Scientific, Fairlawn, NJ 07410
22
Buchi RE 111 Ratavapor, Brinkman Instruments, Inc., Westbury, NY 11590
20
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1980b).

The extracted oil from each replicate was weighed for 7.05 grams and then

suspended in 100 ml of warmed ethyl alcohol containing a phenolphthalein indicator. The
oil-solvent mixture was then titrated with 0.1N NaOH and the percent free fatty acid as oleic
acid was calculated.
Oxidative stability index (OSI).

Oxidative stability of oils extracted from all

poultry mortality silages including the frozen samples following 15 and 45 days of storage
were obtained by the determination of the induction period using the AOCS Official Method
Cd 12b-92, the Oil Stability Index (OSI) (American Oil Chemists’ Society, 1980a).
Triplicate 5-gram samples from each replicate were evaluated using an Oxidative Stability
Instrument (OSI)23. Apparatus assembly was as described by Hill and Perkins (1995) and
Harris (1997). All samples were held at 110° C and a constant airflow of 505 psi (8.8
L/hour) was maintained until induction period determinations were completed.
Fatty acid profile analyses. The fatty acid methyl esters (FAME) preparation was
performed according to modified procedure of Christie (1989). Extracted lipid sample of
poultry mortality silage from each replicate (100 µl) was pipetted into labeled screw cap
tube. Into each tube, 1.0 ml of mixed NaOH/Methanol solvent24 was added. All tubes were
flushed with nitrogen and caped tightly and then boiled in the water bath at 90°C for 10
minutes. After cooling down, 2 ml of BF3/Methanol was added into each tube. Tubes were
then flushed with nitrogen and boiled in the water bath for 10 minutes. Into the cool tubes,
1 ml of deionized water was added and the mixture was extracted twice with 2 ml of hexane.
Crude FAME were dried under nitrogen, redissolved in 1 ml of 95:5 hexane/ethyl ester, and
purified by Fluoroisil-packed Pasteur pipette columns using 5 ml of 95:5 hexane/ethyl ester.
23
24

Omnion, Inc., Rockland, MA 02370
The mixture of 100 ml methanol (HPLC grade), 2 grams NaOH and 0.0025 grams BHT

97
Internal standard (C-21) at the amount of 0.5 ml (~ 1 mg C-21/ ml solution) was added to all
FAME samples. Purified FAME were dried under nitrogen and then redissolved in 0.2 ml of
isooctane for Gas Liquid Chromatography (GLC) analysis.
The FAME were analyzed using a GLC25 equipped with a flame-ionization detector.
A fused silica capillary column26 with a 0.25-µm film thickness was used for separation as
described by Boyd et al. (1995). Helium was used as a carrier gas at an inlet pressure of 11
psi and at a flow rate of 0.5 ml/min. The initial temperature (150°C) was held for 1 min, and
then increased to 220°C at a rate of 3°C/min. Fatty acids were identified by comparison of
their relative retention time to authentic standards27. Individual fatty acid concentration was
expressed as a weight percentage of fatty acid composition of poultry mortality lipid
extracted.
Proximate analysis
Representative samples of all poultry mortality silages for both period of storages
including the frozen samples were submitted to the North Carolina Department of
Agriculture Forage Testing Laboratory (Raleigh, NC) for proximate analysis, including
determinations for crude protein, crude fat, ash and mineral content were determined
according to the procedures describe by Association of Official Analysis Chemists (1984).
Statistical Analysis
Analysis of variance of all data was analyzed using the General Linear Model (GLM).
Treatment effect were considered to be significant difference at p <0.05. Variables having a
significant F-test were compared using least-square means function to SAS (SAS, 1996).

25

HP 5890; Hewlett Packard, Avondale, PA
DB-225-30-m × 0.25-mm i.d.: J & W Scientific, Folsom, CA
27
Nu-Chek Prep, Elysian, MN
26
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RESULTS AND DISCUSSION
Proximate analysis
Nutrient composition of the poultry mortality silages was found to be dependent upon
the produced acid preservation treatment (Table 1). Crude protein and crude fat content of
poultry mortality silages preserved by the feed-grade and food-grade phosphoric acid
treatments were significantly lower than those among the lactic acid fermentation treatments.
This difference corresponded primarily to the dilution effects associated with phosphoric acid
additions without mass losses due to microbial fermentation. In contrast, the dilution effects
of adding carbohydrate to the lactic acid preservation treatments was countered by carbon
mass losses to the system by CO2 emission from microbial fermentation.
In comparison to lactic acid fermentation, direct acidification by the addition of
phosphoric acid sources significantly increased phosphorus and iron content, resulting in
significant higher in dry matter and ash content of poultry mortality silages. As expected,
crude fiber and calcium content of the silages were not significantly influenced by the
preservation treatments.
The main and interaction effects of using different sources and levels of phosphoric
acid on nutrient content of poultry mortality silages are shown in Table 2. Significant main
effects of phosphoric acid source on the nutritional values of poultry mortality silages were
only demonstrated for the level of iron in the mortality silages. However, the level of
acidification impacted a number of nutritional parameters. Dry matter, ash, and phosphorus
content of silage increased linearly (p <0.01, r2 = 0.8475) with the acidification levels. No
significant differences were observed on the content of crude fiber, crude fat and calcium. A
significant Phosphoric acid Source × Level interaction effect was observed only on iron
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content of silages. Because the feed-grade phosphoric acid source contained more iron than
the food-grade source (6000 ppm vs 2 ppm), the iron content of the silages increased linearly
as acidification level increased as a consequence. Thus, the iron content of the silages is
directly influenced by the iron content of the phosphoric acid source.
Silages pH
The initial pH measurement of the frozen samples of ground poultry mortality
(containing mold inhibitor and antioxidant) and lactic acid fermentation groups were similar.
In contrast, the silages in which the feed- and food-grade phosphoric acid was added had
lower initial pH as expected (Table 3). Following 15 and 45 days of storage; however, the pH
of silages directly acidified by feed and food-grade phosphoric drifted to a level significantly
above the initial values (Table 3). In comparison to the frozen samples, the silages acidified
by both sources of phosphoric acid had a significantly greater change in pH during the period
of storage, primarily due to the buffering capacity of residual tissue and the transient increase
of protein degradation by-products. In contrast, acid production from lactic acid fermentation
maintained the pH’s of those silages during storage, resulting in significantly lower levels of
pH increases in comparison to phosphoric acid-preserved silages. The lactic acid preserved
silage pH following 45 days of storage decreased linearly with increased levels of dextrose
(r2 = 0.5365, p <0.05), indicating that the amount of lactic acid produced during the
fermentation process was directly proportional to the availability of substrate carbohydrate.
Table 4 summarizes the effects of using different sources and levels of phosphoric
acid on broiler mortality pH stability, as measured by the incremental change in pH over the
initial value. Regardless of preservation treatment, mortality silage pH increased as the
duration of storage time increased, likely due to increased microbial degradation of proteins
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and lipids. No significant treatment interaction effects were observed following 15 and 45
days of storage on the change in pH of silages over the initial values. However, there were
significant main effects of phosphoric acid source and addition levels on pH stability of
silages during the short- and long-term storage periods. The incremental change in silage pH
following 15 days of storage, increased linearly as the level of acidification increased (r2 =
0.6022, p <0.001). After 45 days of storage however, the pH stability was statistically
similar at the 5.52% and 8.28% levels of acidification. Food-grade phosphoric acid was
found to be more effective in maintaining pH stability after 15 days (p <0.01) and 45 days (p
<0.01) of storage than the feed-grade group. Regardless of source of acid, increased
acidification level to 5.52% resulted in significantly improved pH stability of silages during
storage, with little further improvement beyond this level of acidification.
Protein quality
Volatile nitrogen.

Volatile nitrogen is an end product of bacterial protein

degradation that accumulates during the storage of silages. In comparison to the baseline
samples (stored frozen), percentage volatile nitrogen content of poultry mortality silages
were significantly higher following 15 or 45 days of storage (Table 3). These results
indicated that freezing was more effective in preventing protein degradation during storage
than other forms of preservation. Following 15 days of storage, the VN level of lactic acid
fermentation group was significantly higher than those of feed- and food-grade silages. The
increase in dextrose level resulted in a non-linear decrease in the VN content (r2 = 0.9969, p
<0.01, Y = 9.23 - 1.01X + 0.04X2)28 of fermented-silages, indicating increased microbial
protein degradation from the action of lactic acid bacteria. However, lactic acid fermentation
maintained a lower concentration of VN in the silage following 45 days of storage than
28

Y = parameter measured (VN content), X = level of carbohydrate source addition (% dextrose)
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phosphoric acid preservation, especially when both sources of phosphoric acid were used at
low level (2.76%). This lower concentration of VN in the lactic acid silages may be due to
either lower VN production, higher VN emission along with other fermentation gases, or the
conversion of VN into bacterial protein. This latter factor is most likely since the lactic acid
silages maintained a higher crude protein content during storage than the phosphoric acid
silages (Table 2).
Volatile nitrogen content of the poultry mortality silages increased as the duration of
storage increased, but the degree of change was dependent upon the preservation treatment.
In contrast to pH stability, significant treatment interaction effects between sources and
acidification levels of phosphoric acid on VN content were observed following 15 and 45
days of storage (Table 4). The feed-grade phosphoric acid treatment resulted in higher VN
content in silages than the food-grade source, especially after storage for 45 days. At the
2.76% level of acidification, food-grade phosphoric acid resulted in lower VN content
following 45 days of storage than the feed-grade (p <0.01), but there was not a significant
difference among the phosphoric acid sources at the 5.52% and 8.28% levels of acidification.
Increased acidification level to 5.52% resulted in decreased VN content in both feed-grade
and food-grade groups (p <0.01) but no further reduction beyond this acidification level.
These results agree with previous reports that using a high level of phosphoric acidification
(>5% w/w) is an effective method to prevent bacterial proliferation and lower the formation
of potentially toxic products of protein degradation (Middleton and Ferket, 2001; Middleton
et al., 2001).
Biogenic amines content.

Corresponding to the increase in mortality protein

degradation by microbial activity, the silage content of biogenic amines increased as storage
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time increased. The concentrations of biogenic amines in broiler mortality preserved by the
different methods are shown in Table 5. The poultry carcasses that were frozen immediately
after grinding (baseline samples) were observed to contain no tryptamine (TRP),
phenylethyamine (PHE), histamine (HIS) or tyramine (TYR). Following 15 and 45 days of
storage, TRP contents of feed-grade and food-grade silages were significantly lower than that
of lactic acid silages. Similar effects were observed in PHE and TYR contents following 15
days of storage. However, PHE contents of silages preserved by feed-grade and food-grade
phosphoric acid were significantly higher than those preserved by of lactic acid fermentation,
while no significant difference was observed in TYR level following 45 days of storage. No
significant differences among the preservation treatments were observed on putrescine (PUT)
and cadavarine (CAD) contents (Table 6). No significant difference was observed on HIS
(Table 5), spermidine (SPD), and spermine (SPM) contents (Table 6) between silages
preserved by feed-grade phosphoric acid and lactic acid fermentation. However, poultry
silages produced by food-grade phosphoric acid preservation contained significantly lower
HIS and SPD than those preserved by lactic acid fermentation. This observation indicates
that mortality preservation by food-grade phosphoric acid is more effective in preventing
microbial protein degradation than preservation by either feed-grade phosphoric acid or lactic
acid fermentation.
Among the lactic acid fermentation treatment groups, TYR content of the silages
following 15 days of storage increased non-linearly as the dextrose addition level increased
(r2 = 0.8515, p <0.01), while linear reductions in SPD (r2 = 0.9204, p <0.01), and SPM (r2 =
0.6943, p <0.01) contents were observed. Following 45 days of storage, PHE content of
lactic acid silages increased linearly (r2 = 0.3855, p <0.05), while PUT and cadavarine
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(CAD) decreased quadratically (r2 = 0.5648 and r2 = 0.5338, p <0.05, respectively) when
dextrose addition levels increased (Table 5). Although lactic acid fermentation is an efficient
method to preserve poultry carcasses, several species of bacteria associated with successful
fermentation can decarboxylate amino acids and produce toxic substances (Urlings et al.,
1993a). In addition, the acidic conditions present during fermentation also enhance amino
acids decarboxylation (Rice et al., 1976).
The effects of phosphoric acid source and levels acidification of on biogenic amines
production in mortality silages are summarized in Table 7 and 8. Except for SPD and SPM,
the concentration of PUT (Table 7) and other biogenic amines (Table 8) in silages increased
as the duration of storage increased. Spermidine and SDM concentration decreased over
time because these amines break down to form PUT (Tamim and Doerr, 2003), which
explains by the reduction of these amines and the elevation of PUT as the duration of storage
progresses.
Biogenic amine content and profile of silages was modified by the level of
phosphoric acid, but differences among the phosphoric acid sources were inconsistent. As
acidification increased to 5.52% phosphoric acid, the content of TRP, HIS, PUT, and CAD
decreased (p <0.01) during storage; but no further reductions were observed when
phosphoric acid was included above this level. The significant phosphoric acid acidification
level × source interaction effects were observed on total biogenic amine content following 15
day of storage (Table 9). Total biogenic amine content of silages preserved by the feed-grade
phosphoric acid for 15 days was higher than those preserved by the food-grade source only at
2.76% level of acidification (p <0.01). Regardless of source of phosphoric acid, increasing
the acidification to the >5.52% level decreased in total biogenic amine content. After 45 days
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of storage, only an acidification level effect was observed on total biogenic amine content.
The results indicated that at least 5.52% acidification level is required to prevent total
biogenic amines production during long-term storage.
Fat quality
Free fatty acid content. The effects of preservation method on % free fatty acid
(% FFA) content of poultry mortality silages are summarized in Table 10. Following 15 days
of storage, lipids extracted from poultry mortality silages preserved with lactic acid
fermentation contained significantly more FFA than those preserved by the phosphoric acids.
This observation could be the resulted of higher microbial enzyme and lipolytic enzyme
activities in lactic acid fermentation system than direct acidification with phosphoric acid.
However, no significant differences in FFA content were observed among the different
preservation treatments following 45 days of storage.
Significant phosphoric acid source × acidification level interaction effects observed
on the FFA content of oils extracted from the poultry silages following 15 days of storage,
but less so after 45 days of storage (Table 11). Although the FFA contents were similar in
15-d silages by both phosphoric acids sources at the 2.76% level of acidification FFA content
was higher (p <0.01) at > 5.52% level of the food-grade phosphoric acid than of the feedgrade source. Hence, a greater reduction in FFA content was observed in the 15-d silages
preserved by the feed-grade phosphoric acid than the food-grade source, most likely due to
greater oxidation of FFA.

Only significant acidification level (≥ 5.52%) effects were

observed following 45 day of storage.
Oxidative stability index (OSI). Oxidative stability index represents the stability of
oils to oxidation over time in the presence of oxygen and heat. The longer it takes before
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lipid oxidation is induced, the greater will be the OSI or oil stability. In general, OSI
decreased as the duration of storage increased. Following 15 days of storage, the oils were
more resistant to oxidation when the silages preserved by direct acidification either source of
phosphoric acid than those preserved by lactic acid fermentation (Table 10). However, only
the silage preserved by the food-grade source of phosphoric acid had significantly higher OSI
following 45 days of storage than the other treatments. As indicated by the OSI values, the
feed-grade phosphoric acid was the less effective in hindering fat oxidation and reducing
microbial and enzyme lipolytic activities because of its higher iron content in comparison to
the food-grade source (Table 11).
Similar to Middleton et al. (2001), OSI values of oils extracted from poultry silages
decreased with the increase of all acidification level (p <0.001). The reduction in OSI values
could result from the effect of acid hydrolysis and the increase in impurity when high level of
phosphoric acid (≥ 5.52%) were used to preserved poultry mortality silages.
Fatty acid profile. The fatty acid profile of the lipid fraction of silages presented in
Table 12 and 13 provides the information about how the preservation treatments altered lipid
quality by the degree of hydrogen saturation and the carbon chain lengths of fatty acids.
Following 15 days of storage, oils extracted from silages preserved by phosphoric acid
contained significantly higher concentration of myristic acid (C14:0), palmitic acid (C16:0),
and palmitoleic acid (C16:1) than those preserved by lactic acid fermentation. However, the
average concentration values of these fatty acids from these acid-preserved silages were
lower than the frozen-storage baseline samples (p <0.01). Stearic acid (C18:0), oleic acid
(C18:1), linoleic acid (C18:2), and lionolenic acid (C18:3) concentration in the lactic acid
silage were significantly lower than those preserved by the food-grade phosphoric acid, but
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not different from the feed-grade source. In comparison to the frozen baseline samples, the
acid-preserved silages contained significantly higher C18:0, C18:1 and C18:3 concentrations,
but not significantly different in C18:2 concentration. The concentrations of arachidonic acid
(C20:4) of the phosphoric acid-preserved silages were significantly lower than the lactic
acid-preserved silages, but significantly higher than the frozen baseline material.
Following 45 days of storage, the significant effects among preservation treatments
were observed only in C14:0 and C20:4 concentrations. In comparison to the lactic acidpreserved silage, the feed-grade phosphoric acid-preserved silage contained significantly
lower C14:0 but higher C20:4. However, the concentration of these fatty acids were still
significantly lower in silages preserved by direct acidification than in those preserved by
lactic acid fermentation. The increase in dextrose addition levels resulted in a non-linear
increase in C 18:1 (r2 = 0.8234 p <0.05) and a linearly increase in C18:2
(r2 = 0.5559, p <0.05) and C18:3 (r2 = 0.5557, p <0.05) following 15 days of storage.
Significant phosphoric acid source × acidification level interaction effects were
observed on the fatty acid profile of the oil extracted from poultry silages (Table 14 and 15),
even though no interaction effects were observed on fatty acid concentration in silages
following 15 and 45 days of storage. In comparison to the food-grade phosphoric acid
treatments, oil extracted from the silage treated with feed-grade phosphoric acid contained
significantly more C14:0, C16:0, C18:0, C18:2 and C18:3 but less C18:1 following 15 days
of storage. No significant effect of phosphoric acid source was observed on fatty acid
concentration in silages stored for 45 days.
Regardless of the acid source, acidification up to 5.52% phosphoric acid had no effect
on C14:0 and C16:0 concentration in silages following 15 days of storage (Table 14), but the
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concentration of these fatty acids were significantly reduced at the higher level of phosphoric
acid. In contrast, C18:1 concentration was significant higher in silages preserved with 8.28%
phosphoric acid. There were no significant acidification level effects on any fatty acid
concentration following 45 days of storage, except for a decrease in C20:4 concentration
when preserved with 8.28% phosphoric acid. In general, feed-grade phosphoric acid was
most effective in maintaining fatty acid concentration during a short period of storage with
the exception for C20:4. There were no significant effects of phosphoric acid source or level
of acidification on fatty acid concentration of poultry mortality silages during long-term
storage.

CONCLUSIONS
This research demonstrated that the means of acid preservation of ground poultry
mortality could influence the nutritional value of the resulting silages and ultimate feed
products produced from it.

This nutritional value is influence by changes in chemical

composition or the quality of protein and lipids via accumulation of degradation products,
such as volatile nitrogen, biogenic amines and oxidized fatty acids. Preservation by direct
acidification using either feed-grade and food-grade phosphoric acid significantly reduces
crude protein and crude fat content due to the dilution effect of acid additions, but
commensurately increases phosphorus content. Silage preserved with feed-grade phosphoric
acid had higher iron content due to this source’s high iron content.
During a relatively short period of storage (<15 days), direct acidification using either
feed-grade and food-grade phosphoric acid was more effective than lactic acid fermentation
in preserving the protein and fat quality of poultry silages. In comparison to lactic acid
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preservation, direct phosphoric acid preservation maintained a more stable silage pH,
significantly lower VN, total biogenic amines, and FFA contents, and more resistance of fats
to oxidation as indicated by higher OSI. For a longer period of storage (45 days), food-grade
phosphoric acid was more effective in preserving the protein and lipid quality of mortality
silages than preservation by direct acidification with feed-grade phosphoric acid or by lactic
fermentation.
Regardless of the duration of storage, food-grade phosphoric acid was a more
effective in preserving protein quality at a low level of acidification (2.76% phosphoric acid)
than the feed-grade source, but no significant differences were observed when higher levels
of acidification were used (> 5.52%). The addition of 5.52% phosphoric acid reduced initial
pH of silages sufficiently to discourage bacterial degradation of protein into biogenic amines
and volatile nitrogen, and lipolysis of fats into FFA. Finally, lipid oxidation of silages as
measured by OSI was minimized by the 2.76% level of acidification, especially in silages
preserved by food-grade phosphoric acid, whereas the feed-grade phosphoric, which contains
a considerable amount of iron, promoted the oxidation of lipids in silages. No consistent
preservation treatment effects and acidification × source interaction effects were observed on
fatty acid profile of extracted oils.
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TABLE 1. Effect of phosphoric acid stabilization1 and lactic acid fermentation on nutrient
composition (proximate analysis) of poultry mortality silages following 15 days of storage
Treatment
Phos Acid
Level of
Grade
Acidification
Feed9
2.76%
Feed
5.52%
Feed
8.28%

CP3
CFI4
CFat5
Ash
Ca6
P7
DM2
% As Is ------------------------------ % of DM -------------------------------47.32bcd
57.43 ab
64.64 a

33.66 cd
30.49 cd
23.74 e

16.12
10.49
9.59

37.46 ab
29.16 cd
25.67 d

11.3 abcd
14.30 abc
8.26 bcd

1.82
1.54
1.42

2.70 d
3.78 bc
4.80 ab

596.5 c
850.5 b
1100.0a

Food10
2.76%
Food
5.52%
Food
8.28%
Dextrose11 Addition for
Lactic Acid Fermentation
6%
9%
12%

52.70 bc
53.35 bc
54.86 b

34.41 bc
30.39 cd
29.35 d

11.41
17.53
12.52

28.45 cd
30.89 bcd
29.65 cd

11.6 abcd
15.00 ab
18.70 a

1.94
2.22
1.72

2.75 cd
4.34 ab
5.38 a

107.0 d
96.0 d
88.5 d

41.89 d
44.23 cd
47.32bcd

40.49 a
38.29 ab
33.30 cd

4.21
18.25
18.077

40.92 a
38.95 a
35.78 abc

7.15 bcd
6.75 cd
5.45 d

2.20
1.91
2.97

1.09 e
0.99 e
1.40 e

88.0 d
75.0 d
79.5 d

P-Value
SEM (9)12

0.0073
4.1053

0.0002
1.8280

0.2016
4.0024

0.0089
3.1909

0.0307
3.2109

0.0067
0.7214

0.0001
0.4587

0.0001
69.432

Phosphoric Acid13
Lactic Acid Fermentation
P-Value

54.83 a
44.48b
0.0006

30.35 b
37.36 a
0.0001

Contrast Comparison Analysis
13.11 a
1.78
12.94
30.21 b
a
13.51
38.55
6.45 b
2.36
0.2910 0.0005 0.0023 0.1403

3.96 a
1.16 b
0.0001

473.1 a
80.83 b
0.0001

Feed-grade Phos Acid
Lactic Acid Fermentation
P-Value

56.13 a
44.48 b
0.0007

29.30 b
37.36 a
0.0001

12.07
13.51
0.2086

3.76 a
1.16 b
0.0001

849.0 a
80.83 b
0.0001

31.39 b
13.82
29.66 b
14.92 a
1.96
4.16 a
Food-grade Phos Acid
53.52 a
b
a
a
b
44.48
13.51
2.36
37.36
38.55
6.45
1.16 b
Lactic Acid Fermentation
0.0038 0.0003 0.5706 0.0009 0.0012 0.3639 0.0001
P-Value
abcde
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
Dry matter (%)
3
Crude protein (%)
4
Crude fiber (%)
5
Crude fat (%)
6
Calcium (%)
7
Phosphorus (%)
8
Iron (ppm)
9
Feed-grade phosphoric acid (74.5% wt./wt.)
10
Food-grade phosphoric acid (85% wt./wt.)
11
Treatments with lactic acid fermentation preservation
12
Pool standard error of the means with 9 degrees of freedom
13
Values are means of all treatments with direct acidification using phosphoric acid

97.16
80.83
0.6932

30.76b
38.55 a
0.0022

11.31 a
6.45 b
0.0277

1.59
2.36
0.0982

Fe8
ppm
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TABLE 2. Effect of using various levels of feed-grade and food-grade phosphoric acid 1 on nutrient
composition (proximate analysis values) of poultry mortality silages following 15 days of storage
Treatment
Phos Acid
Level of
Grade
Acidification
Feed9
2.76%
Feed
5.52%
Feed
8.28%
Food10
Food
Food

2.76%
5.52%
8.28%

Main Effect Means
Grade of acid
Feed
Food
Level of acidification
2.76%
5.52%
8.28%

DM2
CP3
CFI4
CFat5
Ash
Ca6
P7
% As Is ------------ -------------------- % DM --------------------------------

Fe8
ppm

47.32
57.43
64.64

33.66
30.49
23.74

16.12
10.49
9.59

37.46
29.16
25.67

11.38
14.30
8.26

1.82
1.54
1.42

2.70
3.78
4.80

596.50 c
850.50 b
1100.0 a

52.70
53.35
54.86

34.41
30.39
29.35

11.41
17.53
12.52

28.45
30.89
29.65

11.65
15.00
18.70

1.94
2.22
1.72

2.75
4.34
5.38

107.00 d
96.00 d
88.50 d

56.46
53.64

29.30
31.38

12.05
13.81

29.76
29.65

11.31
15.11

1.59
1.96

3.76
4.16

849.00 x
97.17 y

50.01
55.39
59.75

34.04 j
30.44 k
26.54 l

13.76
14.01
11.02

32.95
30.02
27.65

11.51
14.65
13.47

1.88
1.89
1.57

2.73 l
4.06 k
5.09 j

351.75 k
473.25 k
594.25 j

Source of Variation
--------------------------------------------- P-Value -------------------------------------------Grade of acid
0.3207
0.0880
0.4658
0.6029
0.1418
0.2493 0.1922 <0.0001
Level of acidification
0.0603
0.0030
0.5293
0.1782
0.5501
0.6916 0.0011
0.0195
Linear
0.0232
0.0008
0.3838
0.1017
0.5607
0.3682 0.0001
0.4468
0.4173
0.6878
0.0766
0.2451
0.0349
0.0815 0.8475
0.0590
R2
Interaction
0.1336
0.1238
0.1815
0.0790
0.1946
0.7294 0.6870
0.0141
4.5230
1.7756
3.9374
3.4766
3.8991
0.5024 0.4656 85.0151
SEM (6) 11
abcd
Means within the same columns with no common superscript differ significantly (p <0.05)
xy
Means within the same columns with no common superscript differ significantly (p <0.05)
jkl
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
Dry matter (%)
3
Crude protein (%)
4
Crude fiber (%)
5
Crude fat (%)
6
Calcium (%)
7
Phosphorus (%)
8
Iron (ppm)
9
Feed-grade phosphoric acid (74.5% wt./wt.)
10
Food-grade phosphoric acid (85% wt./wt.)
11
Pool standard error of the mean with 6 degrees of freedom
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TABLE 3. Effect of phosphoric acid stabilization1 and lactic acid fermentation on pH increased and
%N as volatile nitrogen (VN) of poultry mortality silages
Treatment
Phos Acid
Level of
Grade
Acidification
Baseline3
4
Feed
3.062
Feed
2.193
Feed
1.707

Initial
pH

pH increase2
15 days
45 days

%N as VN
15days
45 days

5.941a
3.062 b
2.193 c
1.707 d

0.000 f
1.115 a
0.846 b
0.587 de

0.000 e
2.871a
1.020 c
0.799 cd

0.817 f
4.588 ab
2.042 cd
2.480 d

0.817 c
66.810 a
6.090 c
3.650 c

2.76%
Food5
Food
5.52%
Food
8.28%
Dextrose6 Addition for Lactic
Acid Fermentation
6%
9%
12%

3.176 b
2.343 c
1.807 d

0.779 bc
0.662 cd
0.450 e

2.210 b
0.874 cd
0.613 d

2.439 d
1.427 e
1.439 e

16.61 b
5.790 c
2.580 c

5.951 a
5.916 a
5.886 a

-1.341 g
-1.341 g
-1.347 g

-1.161 f
-1.440 f
-1.460 f

4.685 a
4.006 bc
3.904 c

9.140 bc
7.638 bc
7.096 bc

P-Value
SEM (19)7

<0.0001
0.0899

<0.0001
0.0793

<0.0001
0.1924

<0.0001
0.3358

<0.0001
5.2662

Contrast Comparison Analysis
0.817 b
3.007 a
<0.0001

0.817 b
13.390 a
0.0030

Baseline
Preservation8
P-Value



Phosphoric Acid9
Lactic Acid Fermentation
P-Value

0.739 a
-1.343b
<0.0001

1.938 a
-1.353 b
<0.0001

2.412 b
4.198 a
<0.0001

16.930 a
7.950 b
0.0005

Feed-grade Phos Acid
Lactic Acid Fermentation
P-Value

0.847 a
-1.343 b
<0.0001

1.564 a
-1.353 b
<0.0001

3.037 b
4.198 a
<0.0001

25.520 a
7.950 b
<0.0001

1.232 a
1.787 b
8.330
Food-grade Phos Acid
0.631 a
b
b
-1.353
4.198 a
7.950
Lactic Acid Fermentation
-1.343
<0.0001
<0.0001
<0.0001
0.0883
P-Value
abcdefg
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
pH increased over the initial values
3
Fresh ground poultry mortality frozen at -20°C
4
Feed-grade phosphoric acid (74.5% wt./wt.)
5
Food-grade phosphoric acid (85% wt./wt.)
6
Values are means of all treatments with lactic acid fermentation preservation
7
Pool standard error of the means with 19 degrees of freedom
8
Values are means of all treatments with either direct acidification or lactic acid fermentation preservations
9
Values are means of all treatments with direct acidification using phosphoric acid
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TABLE 4. Effect of using various levels of feed-grade and food-grade phosphoric acid1 on pH
increased and %N as volatile nitrogen (VN) of poultry mortality silages
Treatment
Phos Acid
Level of
Grade
Acidification
Feed3
2.76%
Feed
5.52%
Feed
8.28%
Food4
Food
Food

2.76%
5.52%
8.28%

Main Effect Mean
Grade of acid
Feed
Food
Level of acidification
2.76%
5.52%
8.28%

pH increase2
15 days
45 days

%N as VN
15 days

45 days

1.115
0.846
0.587

2.871
1.020
0.799

4.588 c
2.042 ac
2.480 b

66.81 a
6.09 bc
3.65 c

0.779
0.662
0.454

2.210
0.874
0.613

2.439 b
1.427 a
1.439 a

16.61 b
5.79 bc
2.58 c

0.847 x
0.631 y

1.564 x
1.232 y

3.037 x
1.787 y

25.520 x
8.330 y

0.947 j
0.754 k
0.518 l

2.541 j
0.947 k
0.706 k

3.515 j
1.735 k
1.987 k

41.720 j
5.950 k
3.120 k

Source of Variation
--------------------------------------------- P-Value -------------------------------------------Grade of acid
0.0006
0.0094
0.0001
0.0001
Level of acidification
0.0010
0.0001
0.0001
0.0001
Linear
0.0012
<0.0001
0.0136
0.0022
Lack of fit
0.7795
<0.0001
0.0279
0.0708
0.6022
0.8976
0.5159
0.4534
R2
Interaction
0.2119
0.1355
0.0068
0.0001
0.8304
1.1492
0.3511
0.0892
SEM (12)5
abc
Means within the same columns with no common superscript differ significantly (p <0.05)
xy
Means within the same columns with no common superscript differ significantly (p <0.05)
jkl
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
pH increased over the initial values
3
Feed-grade phosphoric acid (74.5% wt./wt.)
4
Food-grade phosphoric acid (85% wt./wt.)
5
Pool standard error of the means with 12 degrees of freedom
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TABLE 5 . Effect of phosphoric acid stabilization1 and lactic acid fermentation on the tryptamine,
phenylethylamine, histamine and tyramine (ppm) of poultry mortality silages.
Treatment
Phos Acid
Level of
Grade
Acidification
Baseline2
3
Feed
2.76%
Feed
5.52%
Feed
8.28%

Tryptamine
15days 45days

Phenethylamine
15days 45days

Histamine
15days 45days

Tyramine
15days 45days

0.00 b
15.17 b
0.00 b
0.00 b

0.00 d
807.63a
0.00 d
0.00 d

0.00 c
44.21abc
0.56 c
6.14 bc

0.00 b
4360.2a
3.36 b
3.88 b

0.00 b
102.88a
0.00 b
0.00 b

0.00 c
170.85b
0.00 c
0.00 c

8.81 d
269.77b
0.97 d
0.00 d

8.81 c
1769.9a
4.43 c
0.00 c

2.76%
Food4
Food
5.52%
Food
8.28%
Dextrose5 Addition for
Lactic Acid Fermentation
6%
9%
12%

14.46 b
0.00 b
0.00 b

671.45b
0.00 d
0.00 d

40.18abc
0.00 c
0.00 c

1055.7b
2.09 b
0.00 b

8.25 b
0.00 b
0.00 b

137.50b
0.00 c
0.00 c

78.97 c
0.00 d
0.00 d

1587.0a
4.23 c
0.00 c

31.42 a
13.97 b
9.75 b

218.56c
73.41 d
16.36 d

9.78 bc
117.60a
94.14 ab

59.26 b
105.82b
200.30b

124.61a
15.29 b
25.53 b

0.00 b
335.00a
0.00 c

304.7ab
365.81a
251.48b

803.28b
335.93c
671.40b

P-Value
SEM (19)6

0.0010
7.7808

0.0001
71.817

0.0383
45.720

0.0001
643.52

0.0048
39.580

0.0001
59.294

0.0001
39.867

0.0001
180.95

Baseline
Preservation7
P-Value

0.00
9.41
0.1150

0.00 b
198.6 a
0.0013

Contrast Comparison Analysis
0.00
0.00
0.00
0.00
34.73
643.44
30.73
71.42
0.3129 0.1884 0.3027 0.1164

0.00 b
107.9 a
0.0001

0.00 b
575.1 a
0.0004

Phosphoric Acid8
Lactic Acid Fermentation
P-Value

4.94 b
18.37 a
0.0005

246.5 a
102.7 b
0.0001

15.18 b
73.80 a
0.0054

904.2 a
121.7 b
0.0077

18.52 b
55.14 a
0.0353

51.31 b
111.7 a
0.0222

58.45 b
206.2 a
0.0001

560.94
603.54
0.5710

Feed-grade Phos Acid
Lactic Acid Fermentation
P-Value

5.06 b
18.37 a
0.0018

269.2 a
102.7 b
0.0001

16.9 b
73.80 a
0.0162

1455.8a
121.7 a
0.0003

34.29
55.14
0.2777

56.95
000.67
0.0651

90.25 b
206.9 a
0.0001

591.45
603.54
0.8887

223.8 a
13.39 b 352.62
2.75 b
45.67 b 26.65 b 530.44
Food-grade Phos Acid
4.82 b
a
b
a
a
121.76
603.54
Lactic Acid Fermentation
18.37
102.7
73.80
55.14
111.6 a
206.9 a
0.0015 0.0020 0.0113 0.4561 0.0112 0.0294 0.0001 0.4021
P-Value
abcd
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
Fresh ground poultry mortality frozen at -20°C
3
Feed-grade phosphoric acid (74.5% wt./wt.)
4
Food-grade phosphoric acid (85% wt./wt.)
5
Treatment with lactic acid fermentation preservation
6
Pool standard error of the means with 19 degrees of freedom
7
Values are means of all treatments with either direct acidification or lactic acid fermentation preservations
8
Valuse are means of all treatments with direct acidification using phosphoric acid
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TABLE 6 . Effect of phosphoric acid stabilization1 and lactic acid fermentation on the putrescine,
cadavarine, spermidine, and spermine content (ppm) of poultry mortality silages.
Treatment
Phos Acid
Level of
Grade
Acidification
Baseline2
3
Feed
2.76%
Feed
5.52%
Feed
8.28%

Putrescine
15days 45days

Cadavarine
15days 45days

Spermadine
15days 45days

Spermine
15days 45days

0.00 c
225.27a
1.52 c
1.35 c

0.00 c
1689.0a
1.46 c
1.59 c

0.00 c
254.35a
2.35 c
2.61 c

0.00 c
2250.2a
3.28 c
2.69 c

7.55 a
4.57 bcd
5.04 bc
5.57 b

7.55
2.87
5.89
3.78

23.54 a
18.81 bc
17.50 bc
18.94 bc

23.54 a
13.86bcd
19.17 ab
11.52 cd

2.76%
Food4
Food
5.52%
Food
8.28%
Dextrose5 Addition for
Lactic Acid Fermentation
6%
9%
12%

81.40 bc
1.50 c
1.31 c

1453.5b
1.16 c
1.36 c

86.55 bc
3.86 c
4.70 c

2331.6a
1.63 c
4.22 c

4.59 bcd
4.18 cde
3.12 ef

30.74
4.05
3.66

17.21 bc
15.71 c
9.90 d

9.89 d
15.35bcd
12.90 cd

155.2 ab
49.66 bc
23.13 b

1145 ab
569.9 bc
77.37 c

205.7 ab
53.41 c
27.89 c

1825 ab
795.2 bc
100.77c

4.84 bc
3.47 de
2.34 f

1.29
43.93
3.22

20.35 ab
18.24 bc
11.12 d

16.20 bc
15.07bcd
18.68 ab

P-Value
SEM (19)6

0.0011
58.145

0.0001
337.76

0.0033
75.542

0.0013
759.52

0.0001
0.6155

0.5887
23.308

0.0001
1.9883

0.0015
2.8593

Baseline
Preservation7
P-Value

4.31
60.28
0.2051

4.13 b
437.8 a
0.0403

Contrast Comparison Analysis
8.81
8.81
7.55 a
7.55
71.28
812.74
4.19 b
11.61
0.2732 0.1649 0.0001 0.8631

23.54 a
16.43 b
0.0001

23.54 a
14.74 b
0.0005

Phosphoric Acid8
Lactic Acid Fermentation
P-Value

52.41
76.00
0.3257

524.68
264.20
0.6034

78.94
95.68
0.2498

765.57
907.06
0.6534

4.51 a
3.55 b
0.0012

9.34
16.15
0.5009

16.32
16.57
0.7955

14.73 b
16.65 b
0.0236

Feed-grade Phos Acid
Lactic Acid Fermentation
P-Value

76.75
76.00
0.9983

564.02
264.20
0.8355

86.44
95.68
0.7979

751.99
907.06
0.6700

5.06 a
3.55 b
0.0001

5.85
16.15
0.3642

18.44
16.57
0.0640

14.85
16.65
0.1973

Food-grade Phos Acid
28.07
485.35
31.70
779.16
3.94
12.82
14.27 b 12.71 b
Lactic Acid Fermentation
76.00
264.20
95.68
907.06
3.55
16.15
16.57 a
16.65 a
0.0964 0.1896 0.0883 0.7249 0.1738 0.7986 0.0241 0.0087
P-Value
abcdef
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
Fresh ground poultry mortality frozen at -20°C
3
Feed-grade phosphoric acid (74.5% wt./wt.)
4
Food-grade phosphoric acid (85% wt./wt.)
5
Treatment with lactic acid fermentation preservation
6
Pool standard error of the means with 19 degrees of freedom
7
Values are means of all treatments with either direct acidification or lactic acid fermentation preservations
8
Values are means of all treatments with direct acidification using phosphoric acid
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TABLE 7. Effect of using various levels of feed-grade and food-grade phosphoric acid1 on
tryptamine, phenylethylamine, histamine and tyramine (ppm) of poultry mortality silages.
Treatment
Phos Acid
Level of
Grade
Acidification
2.76%
Feed2
Feed
5.52%
Feed
8.28%
Food3
Food
Food

2.76%
5.52%
8.28%

Main Effect Mean
Grade of acid
Feed
Food
Level of acidification
2.76%
5.52%
8.28%

Tryptamine
15days 45days

Phenethylamine
15days 45days

Histamine
15days 45days

Tyramine
15days 45days

15.17
0.00
0.00

807.63
0.00
0.00

44.21
0.56
6.14

4360.2a
3.36 b
3.88 b

102.8
0.00
0.00

170.8
0.00
0.00

269.7 a
0.97 b
0.00 b

1769.9
4.43
0.00

14.46
0.00
0.00

671.45
0.00
0.00

40.183
0.00
0.00

1055.7b
2.09 b
0.00 b

8.25
0.00
0.00

137.5
0.00
0.00

79.97 a
0.00 b
0.00 b

1587.1
4.23
0.00

5.06
4.82

269.21
223.82

16.97
13.39

1455.8 x
352.62y

34.29
2.75

56.95
45.83

90.25 x
26.32 y

591.45
330.44

55.57 j
0.00 k
0.00 k

154.18 j
0.00 k
0.00 k

174.37 j
0.49 k
0.00 k

1678.5 j
4.32 k
0.00 k

14.82 j
0.00 k
0.00 k

739.5 j
0.00 k
0.00 k

42.19
0.28
3.07

2708.0 j
2.73 k
1.94 k

Source of Variation
----------------------------------------------- P-Value --- -------------------------------------Grade of acid
0.8290 0.0826 0.8337 0.0132 0.0999 0.6997 0.0001
0.5104
Level of acidification
0.0001 0.0001 0.1124 0.0001 0.0372 0.0009 0.0001
0.0001
Linear
0.0001
0.0001 0.0546 0.0501 0.0514 0.0009 0.0009
0.0001
Lack of fit
0.0001
0.0001 0.1790 0.0001 0.2356 0.0126 0.0139
0.0001
R2
0.9340
0.9738 0.2119 0.6938 0.2170 0.6815 0.6757
0.9584
Interaction
0.9520
0.0601 0.9905 0.0052 0.0781 0.8572 0.0001
0.6428
1.3040
29.351 21.410 465.27
21.669 34.460 9.9930 110.150
SE M (12)4
ab
Means within the same columns with no common superscript differ significantly (p <0.05)
xy
Means within the same columns with no common superscript differ significantly (p <0.05)
jkl
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. Concentrated acid basis
2
Feed-grade phosphoric acid (74.5% wt./wt.)
3
Food-grade phosphoric acid (85% wt./wt.)
4
Standard error of the means with 12 degrees of freedom
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TABLE 8. Effect of using various levels of feed-grade and food-grade phosphoric acid1 on putrescine,
cadavarine, spermidine, and spermine content (ppm) of poultry mortality silages.
Treatment
Phos Acid
Level of
Grade
Acidification
Feed2
2.76%
Feed
5.52%
Feed
8.28%
Food3
Food
Food

2.76%
5.52%
8.28%

Main Effect Mean
Grade of acid
Feed
Food
Level of acidification
2.76
5.52
8.28

Putrescine
15days 45days

Cadaverine
15days 45days

Spermadine
15days 45days

Spermine
15days 45days

225.27
1.52
1.35

1689.0
1.46
1.59

254.35
2.35
2.613

2250.2
3.28
2.69

4.57 b
5.04 ab
5.57 a

2.87
5.89
3.78

18.81 a
17.50 b
18.94 a

13.86
19.17
11.52

81.40
1.50
1.31

1453.5
1.16
1.36

86.556
3.86
4.7

2331.6
1.63
4.22

4.59 b
4.18 b
3.12 c

30.74
4.05
3.66

17.21 b
15.71 b
9.90 c

9.89
15.35
12.90

76.05
28.07

752.06
779.15

86.44
2.75

591.45
330.44

5.06 x
3.96 y

4.18
12.82

18.44 x
14.27 y

14.85
12.71

153.3j
1.51 k
1.33 k

1571.2 j
1.31 k
1.48 k

170.4 j
3.10 k
3.65 k

2290.9 j
2.45 k
3.46 k

16.80
4.97
3.72

18.01 j
16.64 j
14.42 k

11.87 b
17.26 a
12.21 b

4.58
4.61
4.35

Source of Variation
---------------------------------------------- P-Value ------------------------------------------Grade of acid
0.1250
0.5066
0.1504
0.9416
0.0019
0.3379
0.0001
0.2025
Level of acidification
0.0013
0.0001
0.0003
0.0030
0.7162
0.4220
0.0056
0.0293
Linear
0.0042
0.0001
0.0009
0.2321
0.6825
0.2321
0.0678
0.8950
Lack of fit
0.0511
0.0001
0.0699
0.0046
0.7721
0.5789
0.8003
0.0095
0.4100
0.9252
0.3752
0.7471
0.2170
0.0874
0.1934
0.3713
R2
Interaction
0.1063
0.6387
0.1222
0.9944
0.0019
0.3246
0.0018
0.3268
35.623
140.75
43.636
443.35
0.3410
10.598
0.8929
0.9451
SEM (12) 4
abc
Means within the same columns with no common superscript differ significantly (p <0.05)
xy
Means within the same columns with no common superscript differ significantly (p <0.05)
jkl
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. Concentrated acid basis
2
Feed-grade phosphoric acid (74.5% wt./wt.)
3
Food-grade phosphoric acid (85% wt./wt.)
4
Standard error of the means with 12 degrees of freedom
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TABLE 9. Effect of using various levels of feed-grade and food-grade phosphoric acid1 on total
biogenic amines content (ppm) of poultry mortality silages
Level of
Acidification
2.76
5.52
8.28
Grade of Acid
Main Effect
Means

15 Days of storage
Source of Acid
Feed2
935.04 a
28.02 c
34.62 c

Food3
33.63 b
25.25 c
19.04 c

332.56 x

125.31 y

Acidification
Level Main
Effect Means
633.33 j
26.67 k
26.83 k

45 Days of storage
Source of Acid
Acidification
Level Main
Effect Means
Food3
Feed2
11064.58
7277.59
9171.09 j
37.61
28.51
33.06 k
23.47
22.11
22.81 k
3708.55

2442.75

SEM4
Source of
P-Value
P-Value
Variation
Grade of acid
0.0113
49.0231
0.1008
Level of
0.0001
60.0408
0.0001
acidification
Linear
0.0013
<0.0001
Lack of fit
0.0194
<0.0001
R2
0.6461
0.8724
Interaction
0.0058
84.9105
0.0803
abc
Means within the same columns with no common superscript differ significantly (p <0.05)
xy
Means within the same columns with no common superscript differ significantly (p <0.05)
jkl
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
Feed-grade phosphoric acid (74.5% wt./wt.)
3
Food-grade phosphoric acid (85% wt./wt.)
4
Standard error of the means with 12 degrees of freedom

SEM4
503.4979
616.6564

872.0840
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Table 10. Effect of phosphoric acid stabilization1 and lactic acid fermentation on the percent free fatty
acid (FFA) and oxidative stability index (OSI) of poultry mortality silages
Treatment
Phos Acid
Level of
Grade
Acidification
Baseline2
3
Feed
2.76%
Feed
5.52%
Feed
8.28%

FFA (%)

OSI

15 days

45 days

15 days

45 days

1.34 cd
3.09 b
0.84 d
0.86 d

1.34 e
23.36 a
3.51 e
1.92 e

22.00 cd
41.54 b
3.84 f
5.22 f

22.00 c
56.24 a
6.32 d
6.46 d

Food
2.76%
Food
5.52%
Food
8.28%
Dextrose5 Addition for
Lactic Acid Fermentation
6%
9%
12%

2.84 b
1.72 c
1.54 cd

18.67 b
2.26 e
2.86 e

80.94 a
24.59 c
10.45 e

65.25 a
42.01 b
6.85 d

5.68 a
5.45 a
4.93 a

10.20 c
6.98 d
8.16 cd

19.14 d
20.63 cd
20.33 cd

20.18 c
17.70 cd
15.86 cd

P-Value
SEM (19)6

<0.0001
0.4206

<0.0001
1.5984

<0.0001
2.4067

<0.0001
6.8440

Contrast Comparison Analysis
3.51 b
22.00
8.45 a
25.21
<0.0001
0.0839

Baseline
Preservation7
P-Value

1.34 b
3.00 a
<0.0001

Phosphoric Acid8
Lactic Acid Fermentation
P-Value

1.82 b
5.35 a
<0.0001

8.69
8.45
0.6298

27.76 a
20.12 b
<0.0001

30.52 a
24.63 b
0.0004

Feed-grade Phos Acid
Lactic Acid Fermentation
P-Value

1.60 b
5.35 a
<0.0001

9.60
8.45
0.1423

6.87 b
20.12 a
0.0098

23.01
24.63
0.1466

22.00
26.10
0.4256

7.93
38.63 a
38.04 a
Food-grade Phos Acid
2.03 b
a
b
8.45
Lactic Acid Fermentation
5.35
20.12
24.63 b
<0.0001
0.5334
<0.0001
<0.0001
P-Value
abcdef
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
Fresh ground poultry mortality frozen at -20°C
3
Feed-grade phosphoric acid (74.5% wt./wt.)
4
Food-grade phosphoric acid (85% wt./wt.)
5
Treatment with lactic acid fermentation preservation
6
Pool standard error of the means with 19 degrees of freedom
7
Values are means of all treatments with either direct acidification or lactic acid fermentation preservations
8
Values are means of all treatments with direct acidification using phosphoric acid
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TABLE 11. Effect of using various levels of feed and food grade phosphoric acid1 on the percent free
fatty acid (FFA) and oxidative stability index (OSI) of poultry mortality silages
Treatment
Phos Acid
Level of
Grade
Acidification
Feed2
2.76%
Feed
5.52%
Feed
8.28%
Food3
Food
Food

2.76%
5.52%
8.28%

Main Effect Mean
Grade of acid
Feed
Food
Level of acidification
2.76%
5.52%
8.28%

FFA (%)

OSI

15days

45days

15days

45days

3.09 a
0.84 c
0.86 c

23.36
3.518
1.927

41.54 b
3.84 d
5.22 e

56.24 ab
6.32 c
6.46 c

2.84 a
1.73 b
1.54 b

18.67
2.26
2.86

80.94 a
24.59 c
10.45 d

65.25 a
42.01 c
6.85 c

1.60 y
2.04 x

9.60
7.93

16.87 y
38.63 x

23.01 y
38.04 x

2.97 j
1.28 k
1.20 k

21.01 j
2.89 k
2.39 k

61.24 j
14.22 k
7.83 l

60.74 j
24.16 k
6.66 l

Source of Variation
------------------------------------------------ P-Value ----------------------------------------Grade of acid
0.0003
0.0947
0.0001
0.0030
Level of acidification
0.0001
0.0001
0.0001
0.0001
Linear
<0.0001
<0.0001
<0.0001
<0.0001
Lack of fit
0.0004
<0.0001
0.0001
<0.0001
0.8344
0.9425
0.7691
0.7549
R2
Interaction
0.0005
0.0778
0.0001
0.0110
0.4206
1.5984
2.4067
6.8440
SEM (12)4
abcde
Means within the same columns with no common superscript differ significantly (p <0.05)
xy
Means within the same columns with no common superscript differ significantly (p <0.05)
jkl
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. Concentrated acid basis
2
Feed-grade phosphoric acid (74.5% wt./wt.)
3
Food-grade phosphoric acid (85% wt./wt.)
4
Pool standard error of the means with 12 degrees of freedom
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TABLE 12. Effect of phosphoric acid stabilization1 and lactic acid fermentation on the percent
myristic acid, palmitic acid, palmitoleic acid, and stearic acid of oil extracted from poultry mortality
silages
Treatment
Phos Acid
Level of
Grade
Acidification
Baseline6
7
Feed
2.76%
Feed
5.52%
Feed
8.28%

C14:02
15days 45days

C16:03
15days 45days

C16:14
15days 45days

C18:05
15days 45days

0.63 a
0.49 b
0.49 b
0.47 bc

0.63
0.65
0.64
0.61

21.06 a
17.87 cd
18.34 b
17.89 cd

21.06
22.18
21.14
21.79

6.32 a
5.04 bc
5.16 b
5.09 bc

6.32
5.73
6.50
6.19

4.11 e
4.54 bcd
4.45 cd
4.36 d

4.11 b
4.56 a
3.66 c
4.12 b

2.76%
Food8
Food
5.52%
Food
8.28%
Dextrose9 Addition for
Lactic Acid Fermentation
6%
9%
12%

0.45 cd
0.47 bc
0.41 de

0.63
0.62
0.65

17.70 d
18.21 bc
17.63 d

21.33
21.52
21.48

4.94 cd
5.13 b
4.73 e

6.23
6.07
6.33

4.53 bcd
4.43 cd
4.72 a

4.10 b
4.22 ab
4.03 bc

0.43 ef
0.42 bc
0.40 e

0.69
0.75
0.66

17.75 d
17.47 d
17.47 d

21.75
22.88
22.05

4.85 de
4.85 de
4.54 f

6.53 a
6.63
6.26

4.60 abc
4.56 abc
4.67 ab

3.99 bc
3.97 bc
4.04 bc

P-Value
SEM (19)10

0.0001
0.0208

0.3831
0.0681

0.0001
0.2417

0.3032
0.8663

0.0001
0.0899

0.2417
0.3710

0.0001
0.0948

0.0100
0.2063

Baseline
Preservation11
P-Value

0.63 a
0.45 b
0.0001

0.63
0.66
0.6005

Contrast Comparison Analysis
21.06 a
21.06
6.32 a
6.32
b
17.81
21.90
4.95 a
63.28
0.0001 0.2011 0.0001 0.8624

4.11 b
4.56 a
0.0001

4.11
4.08
0.8122

Phosphoric Acid12
Lactic Acid Fermentation
P-Value

0.46 a
0.44 b
0.0001

0.63 b
0.70 a
0.0255

17.94 a
17.56 b
0.0001

21.74
22.23
0.1851

5.05 a
4.75 b
0.0001

6.18
6.47
0.0647

4.53 b
4.61 b
0.0011

4.11
4.00
0.1895

Feed-grade Phos Acid
Lactic Acid Fermentation
P-Value

0.48 a
0.44 b
0.0001

0.63 b
0.70 a
0.0474

18.03 a
17.56 b
0.0006

21.07
22.23
0.2148

5.10 a
4.75 b
0.0001

6.14
6.47
0.0732

4.45 b
4.61 a
0.0001

4.11
4.00
0.2679

0.63
17.85 a
21.78
5.00 a
6.21
4.62
4.12
Food-grade Phos Acid
0.44 a
b
b
17.56
4.75 b
0.70
22.23
6.47
4.61
4.00
Lactic Acid Fermentation
0.42
<0.015 0.0514 0.0226 0.2859 0.0004 0.1501 0.1006 0.2390
P-Value
abcdef
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. Concentrated acid basis
2
Myristic acid
3
Palmitic acid
4
Palmitoleic acid
5
Stearic acid
6
Fresh ground poultry mortality frozen at -20°C
7
Feed-grade phosphoric acid (74.5% wt./wt.)
8
Food-grade phosphoric acid (85% wt./wt.)
9
Treatment with lactic acid fermentation preservation
10
Pool standard error of the means with 19 degrees of freedom
11
Values are means of all treatments with either direct acidification or lactic acid fermentation preservations
12
Values are means of all treatments with direct acidification using phosphoric acid
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TABLE 13. Effect of phosphoric acid stabilization1 and lactic acid fermentation on the percent oleic
acid, linoleic acid, linolenic acid, and arachidonic acid of oil extracted from poultry mortality silages
C18:16
15days 45days

C18:27
15days 45days

C18:38
15days 45days

C20:49
15days 45days

44.04 d
45.86 bc
45.63 c
46.24 bc

44.04 a
43.93 ab
40.86 c
42.99abc

20.87 ab
21.57 a
21.56 a
21.63 a

20.89
19.71
22.55
21.51

0.60 d
0.69 abc
0.72 a
0.70 ab

0.60 bcd
0.54 cd
0.78 a
0.60 bcd

0.29 d
0.53 bc
0.29 d
0.24 d

0.29 d
0.30 cd
0.38 bc
0.25 d

2.76%
Food11
Food
5.52%
Food
8.28%
Dextrose12 Addition for
Lactic Acid Fermentation
6%
9%
12%

45.83 bc
46.08 bc
47.82 a

42.57abc
43.53 ab
42.67abc

21.08 ab
21.40 a
20.57 b

21.59
21.29
21.61

0.65 c
0.69 abc
0.60 d

0.74 ab
0.55 cd
0.46 d

0.49 c
0.29 d
0.25 d

0.43 ab
0.28 d
0.28 d

46.56 b
46.30 bc
47.95 a

41.80 bc
41.28 c
42.76abc

21.22 ab
21.24 ab
19.80 c

22.19
21.66
21.39

0.66 bc
0.66 bc
0.56 e

0.69 abc
0.60 bcd
0.59 bcd

0.58 ab
0.61 a
0.49 c

0.47 a
0.44 ab
0.43 ab

P-Value
SEM (19)13

0.0001
0.0948

0.0362
1.1024

0.0005
0.3956

0.1018
0.8861

0.0001
0.0677

0.0115
0.0908

0.0001
0.0319

0.0001
0.0450

Baseline
Preservation15
P-Value

44.04 b
46.48 a
0.0001

44.04
42.49
0.0702

Contrast Comparison Analysis
20.87
20.89
0.60 b
0.60
21.11
21.75
0.66 a
0.62
0.4084 0.3843 0.0058 0.8537

0.29 b
0.42 a
0.0001

0.29 b
0.45 a
0.0408

Phosphoric Acid14
Lactic Acid Fermentation
P-Value

46.25 b
46.94 a
0.0011

42.76
41.95
0.0875

21.29 a
20.75 b
0.0029

21.47
21.33
0.2555

0.67 a
0.63 b
0.0001

0.61
0.63
0.6487

0.35 b
0.56 a
0.0001

0.43 b
0.45 a
0.0001

Feed-grade Phos Acid
Lactic Acid Fermentation
P-Value

45.91 b
46.94 a
0.0001

42.59
41.95
0.2287

21.58 a
20.75 b
0.0003

21.15
21.75
0.1696

0.70 a
0.63 b
0.0001

0.64
0.63
0.8139

0.35 b
0.56 a
0.0001

0.54 a
0.45 b
0.0001

Treatment
Phos Acid
Level of
Grade
Acidification
Baseline10
10
Feed
2.76%
Feed
5.52%
Feed
8.28%

0.33 b
Food-grade Phos Acid
46.58
42.99
20.99
21.50
0.65
0.58
0.34 b
a
0.45 a
Lactic Acid Fermentation
46.94
41.95
20.75
21.75
0.63
0.63
0.56
0.1006 0.0760 0.1700 0.5536 0.0966 0.3112 0.0001 0.0001
P-Value
abcde
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. Concentrated acid basis
2 Oleic acid
3
Linoleic acid
4
Linolenic acid
5
Arachidonic acid
6
Fresh ground poultry mortality frozen at -20°C
7
Feed-grade phosphoric acid (74.5% wt./wt.)
8
Food-grade phosphoric acid (85% wt./wt.)
9
Treatment with lactic acid fermentation preservation
10
Pool standard error of the means with 19 degrees of freedom
11
Values are means of all treatments with either direct acidification or lactic acid fermentation preservations
12
Values are means of all treatments with direct acidification using phosphoric acid
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TABLE 14. Effect of using various levels of feed and food grade phosphoric acid1 on the percent
myristic acid, palmitic acid, palmitoleic acid, and stearic acid of oil extracted from poultry mortality
silages
Treatment
Phos Acid
Level of
Grade
Acidification
Feed6
2.76%
Feed
5.52%
Feed
8.28%
Food7
Food
Food

2.76%
5.52%
8.28%

Main Effect Mean
Grade of acid
Feed
Food
Level of acidification
2.76%
5.52%
8.28%

C14:02
15days 45days

C16:03
15days 45days

C16:14
15days 45days

C18:05
15days 45days

0.49 a
0.49 a
0.47 b

0.65
0.64
0.61

17.87
18.34
17.89

22.18
21.14
21.79

5.04 b
5.16 a
5.09 ab

5.73
6.50
6.19

4.54 b
4.45 bc
4.36 c

4.56 a
3.66 c
4.12 b

0.45 b
0.47 a
0.41 c

0.63
0.62
0.65

17.70
18.21
17.63

21.33
21.52
22.48

4.94 c
5.13 ab
4.73 d

6.23
6.07
6.33

4.53 b
4.43 bc
4.72 a

4.10 b
4.22 ab
4.03 c

0.48 x
0.44 y

0.63
0.63

18.04 x
17.85 y

21.07
21.78

5.10 x
4.93 y

6.14
6.21

4.45 y
4.56 x

4.11
4.12

0.46 j
0.48 j
0.44 k

0.64
0.63
0.63

17.78 j
18.28 j
17.76 k

21.76
21.33
21.13

4.99 k
5.14 j
4.91 l

5.98
6.29
6.26

4.53 j
4.44 k
4.54 j

4.33
3.94
4.08

Source of Variation
----------------------------------------------- P-Value ----------------------------------------Grade of acid
0.0002
0.9690
0.0202
0.8219
0.0001
0.7162
0.0014
0.9504
Level of acidification
0.0021
0.9741
0.0001
0.1814
0.0001
0.3688
0.0188
0.0462
Linear
0.1439
0.8759
0.9057
0.4033
0.4094
0.2662 0.9108
0.2070
Lack of fit
0.0626
0.9696
0.0001
0.1943
0.0222
0.3924
0.3146
0.1295
R2
0.1285
0.0015
0.6978
0.0440
0.3982
0.0765
0.0008
0.0975
Interaction
0.0005
0.7004
0.7825
0.1702
0.0005
0.1653 0.0001
0.0105
0.0088
0.0411
0.0865
0.0428
0.0316
0.2284
0.0325
0.1393
SEM (12) 8
abcd
Means within the same columns with no common superscript differ significantly (p <0.05)
xy
Means within the same columns with no common superscript differ significantly (p <0.05)
jkl
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
Myristic acid
3
Palmitic acid
4
Palmitoleic acid
5
Stearic acid
6
Feed-grade phosphoric acid (74.5% wt./wt.)
7
Food-grade phosphoric acid (85% wt./wt.)
8
Standard error of the means with 12 degrees of freedom
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TABLE 15. Effect of using various levels of feed and food grade phosphoric acid1 on the percent
oleic acid, linoleic acid, linolenic acid, and arachidonic acid of oil extracted from poultry mortality
silages
Treatment
Phos Acid
Level of
Grade
Acidification
Feed10
2.76%
Feed
5.52%
Feed
8.28%
Food11
Food
Food

2.76%
5.52%
8.28%

Main Effect Mean
Grade of acid
Feed
Food
Level of acidification
2.76%
5.52%
8.28%

C18:16
15days 45days

C18:27
15days 45days

C18:38
15days 45days

C20:49
15days 45days

45.86 b
45.63 b
46.24 b

43.93 b
40.86 c
42.99 b

21.57 a
21.56 a
21.63 a

19.71
22.55
21.51

0.09 a
0.72 a
0.70 a

0.54 b
0.78 a
0.60 b

0.53
0.29
0.24

0.30 b
0.38 a
0.25 c

45.83 b
46.08 b
47.82 a

42.57 bc
43.53 a
42.67 bc

21.02 b
21.40 a
20.57 c

21.59
21.29
21.61

0.65 b
0.69 a
0.60 c

0.74 ab
0.55 b
0.46 b

0.49
0.29
0.25

0.43 a
0.28 b
0.28 b

45.91 y
46.58 x

42.59
42.92

21.59 x
21.02 y

21.15
21.50

0.70 x
0.65 y

0.64
0.58

0.35
0.34

0.31
0.33

45.85 j
45.86 j
45.40 k

43.25
42.19
42.83

21.33 k
21.48 j
21.10 l

20.65
21.77
21.55

0.67 k
0.70 j
0.65 l

0.64
0.67
0.53

0.51 j
0.30 k
0.24 l

0.37 j
0.33 j
0.26 k

Source of Variation
----------------------------------------------- P-Value -----------------------------------------Grade of acid
0.0104
0.5492
0.0001
0.4473
0.0001
0.2582
0.4589
0.2707
Level of acidification
0.0011
0.3021
0.0191
0.1256
0.0005
0.0671
0.0001
0.0003
Linear
0.0104
0.6124
0.3715
0.1653
0.3888
0.1821
0.0001
0.0059
Lack of fit
0.0105
0.4360
0.3125
0.1867
0.0828
0.2131
0.0001
0.0221
R2
0.4555
0.0164
0.0501
0.1166
0.0467
0.1084
0.9579
0.3985
Interaction
0.0318
0.0245
0.0057
0.0606
0.0085
0.0057
0.3484
0.0002
0.2700
0.6533
0.1127
0.5327
0.0094
0.0565
0.0152
0.0179
SEM (12) 12
abc
Means within the same columns with no common superscript differ significantly (p <0.05)
xy
Means within the same columns with no common superscript differ significantly (p <0.05)
jkl
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
6
Oleic acid
7
Linoleic acid
8
Linolenic acid
9
Arachidonic acid
10
Feed-grade phosphoric acid (74.5% wt./wt.)
11
Food-grade phosphoric acid (85% wt./wt.)
12
Standard error of the means with 12 degrees of freedom
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ABSTRACT
Direct acidification using phosphoric acid has been shown to successfully improve
the protein and fat quality of poultry mortality silage. Dissolved air flotation sludge (DAF)
from poultry also contains high levels of lipids and proteins. The object of this research was
to study the effectiveness of direct acidification using different sources and levels of
phosphoric acid to enhance the protein and lipid quality of DAF sludge. Dewatered fresh
poultry DAF sludge was mixed with 183 ppm ethoxyquin and 0.1% propionic acid, and then
subjected to four preservation treatments arranged as a factorial arrangement of two sources
of phosphoric acids, feed and food-grade (74.5 and 85% phosphoric acid) and two levels of
acidification (5.52 and 8.28% w/w concentrated acid basis) and a control treatment (fresh
DAF sludge). Following 15 days of storage at ca. 22° C, DAF silages were evaluated for
nutrient composition and the quality of protein and fat. The addition of phosphoric acid
significantly decreased protein and fat content of DAF silages due to the dilution effect of the
acid additions. Regardless of the source of acid and the level of acidification, acidified DAF
silages contained higher phosphorus content than that of baseline. Iron content of preservedDAF was significantly increased with increases in acidification level.

Food-grade

phosphoric acid was found to be more effective in reducing the degree of pH increase in
DAF silage than the feed-grade source. The pH stability of DAF silages was observed to
increase with an increase in the level of food-grade phosphoric acid introduced. Regardless
of the source of phosphoric acid and the level of acidification, bacterial protein degradation,
as indicated by a rise in volatile nitrogen level, was effectively inhibited by phosphoric acid
preservation. However, the addition of phosphoric acid failed to improve the lipid quality of
DAF silage since extensive oxidation had already occurred prior to acid stabilization. This
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research concluded that direct acidification using phosphoric acid is an effective method to
preserve the protein but not lipid quality of poultry DAF sludge.

Key words: Dissolved air flotation sludge, Phosphoric acid, Volatile nitrogen, Free fatty
acid, Oxidative stability index

INTRODUCTION
Dissolved air flotation sludge (DAF) is the biosolids material recovered from the
wastewater pretreatment systems in poultry processing plants. It is normally referred to
within the industry as dissolved air floatation float/gravity skimmer sludge, biosolids or
secondary protein nutrients (SPN) (Anonymous, 2000). This oily and pasty sludge contains
high levels of proteins and lipids of poultry origin, and it also contains a considerable amount
of moisture and flocculating agent minerals and/or polymers. DAF sludge recovered from
poultry and meat processing wastewater typically have a very high variation in nutrient
composition, which is depends on the animal of origin and the chemical treatment involved
in the collection process (Fransen et al., 1995). In general, the composition of DAF biosolids
at harvest is composed of 90% dry matter, 6% fat and 4% non-fat solid. Post decant,
moisture content is reduced to 75%, fat increases to 15%, and non-fat solid increases to 10%.
Protein and fat content in the final product is depends on raw material characteristics
(Anonymous, 2000).
Disposal and utilization of DAF is a major expenses and inconvenience to the poultry
industry.

The disposal of DAF sludge by land application has recently become infeasible

due to the restrictive environmental legislation (Carawan and Valentine, 1992). Landfilling
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has been a very economical method of disposal in the past, but now it has lost favor in certain
states due to a decrease in the number of landfill sites and an increase in the regulations
applied to landfill operations (Black et al, 1992).
Although rendering is the traditional method most widely used to convert DAF sludge
into valuable by-products, the stabilization and drying of protein-rich material in a rendering
plant is costly (Fransen et al, 1997) and the processing method greatly reduces the nutritional
value of the rendered products (Bender, 1970; Papadopoulos, 1989).

Additionally, the

aggressive aeration and the addition of inorganic coagulants, such as trivalent metallic salts
of iron and aluminum, during DAF processing accelerates auto-oxidation and increases
peroxide value as well as free fatty acid concentration, leading to fat rancidity (Black et al.,
1992). The deterioration of protein and fat in DAF sludge due to an extensive oxidation and
microbial exposure makes it very difficult to transport, handle and process properly by
rendering process (Anonymous, 2000).
The addition of ethoxyquin at 125 ppm during winter months and 250 ppm during
summer months has been shown to help stabilize the lipid quality of DAF sludge
(Anonymous, 2000). Although direct acidification using feed-grade phosphoric acid has
never been used to preserve DAF sludge, the method has been shown to successfully
preserve the protein and fat quality of poultry mortality silage (Middleton and Ferket, 2001;
Middleton et al., 2001). Supplementation of 183 ppm ethoxyquin to poultry mortality silage
preserved by feed-grade phosphoric acid has also been found to improve lipid stability with
no effect on protein quality (Middleton and Ferket, 1999). Since chicken DAF sludge has the
components similar to whole chicken, a similar advantage should be obtained when
phosphoric acid is applied by the same method to DAF sludge. The objective of the present
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research was to study the effect of direct acidification using difference sources and levels of
phosphoric acid on the protein and lipid quality of DAF sludge.

MATERIALS AND METHODS
Twenty four kilograms of dewatered dissolved air flotation (DAF) sludge was
collected early one morning from a poultry processing plant1 and was immediately brought
back to the Poultry science department, Scott Hall, North Carolina State University. Before
the actual mixing process began, approximately 200 g of DAF sludge was premixed with
3.43 g of ethoxyquin emulsion2 to facilitate the distribution. This is the equivalent of 183
ppm ethoxyquin on as is basis or 500 ppm on a 100% DM basis. The DAF sludge was then
placed into a stainless steel, double ribbon mixer and mixed for 20 minutes. During mixing,
24 mg of propionic acid3 (0.1%) was sprayed into the DAF material to serve as a mold
inhibitor.
From this basal mix, five preservation treatments were prepared as a 2 × 2 factorial
arrangement of two sources of phosphoric acid4, feed and food-grade (74.5 and 85%
phosphoric acid) and two levels of acidification (5.52 and 8.28% wt./wt. concentrated acid
basis) plus a non-treated control (fresh DAF sludge). Each treatment consisted of three
replicate 4-litter containers. All replicates of acid/DAF mixtures were allocated into the 4
litter PVC containers, lined with small trash can liners, and initial pH were measured. The
lids of these containers were loosely secured to allow the gases that may be generated to
vent. All acid/DAF mixtures were then stored for 15 days at ca. 22° C except for the 3
1

Townsend poultry processing plant, Siler city, NC 27344
Sanoquin™ Emulsion Solutia, Inc. St Louis, MO 63166
3
Eastman Chemical Co. Kingsport, TN 37662
4
Amberphos™, PCS phosphates, Kinston, NC 28502
2
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replicates of the non-treated control group (fresh DAF sludge) which were stored for
comparison purposes by freezing at –20 °C for the same period of time as the silages.
Following 15 days of storage, silage samples from all treatments were transferred to a
–50 °C freezer and stored until analysis of pH, volatile nitrogen (VN), free fatty acid content
(FFA), fat oxidative stability index (OSI) and proximate analysis.
DAF silage pH.
pH measurements5 were taken initially before storage and then again following 15
days of storage on all replicates to evaluate the treatment effects. All measurements were
performed by directly submerging the pH probe into the silage material to a depth of 5 cm.
All readings were allowed to stabilize for 30 seconds before being evaluated. Triplicate pH
readings were recorded and averaged as the pH determination for each replication
Poultry DAF silages protein quality analyses
Volatile Nitrogen. Volatile nitrogen content was measured by using a modification
of the macro-distillation method (Pearson, 1979) on all replicates, including the baseline
sample following 15 days of storage. Duplicate 2 g (±0.01) representative samples of each
replicate were mechanically homogenized for one minute6 and quantitatively transferred
into micro-kjeldahl distillation tubes. Approximately 50-100 mg of zinc powder7, 0.4 g
of magnesium oxide8, and 1 ml of octyl alcohol9 were added into each tube.
The tubes were then brought to a volume of 250 ml with deionized water and the pH of each
tube was adjusted to pH ≥ 11 with 0.1N NaOH10. Samples were steam distilled11 into a 2%
5

220pH Meter, Corning Science Products, Corning Glassworks, Corning, NY 14831
Model “Mark II” Tissumizer, Tekmar Co., Cincinnati, OH 45222
7
Fisher Scienctific, Fairlawn, NJ 07410
8
Fisher Scienctific, Fairlawn, NJ 07410
9
Fisher Scienctific, Fairlawn, NJ 07410
10
Fisher Scienctific, Fairlawn, NJ 07410
6
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boric solution12 according to the manufacturer’s recommendations and automatically
titrated13 using a normalized 0.1N sulfuric acid solution for volatile nitrogen determination14.
All replicates were subjected to dry matter and total kjeldahl nitrogen analysis (Fleck and
Munro, 1965; Association of Official Analytical Chemists, 1984). Volatile nitrogen values
were expressed as percentage of total sample nitrogen on a dry matter basis as recommended
by Urlings et al. (1993a, b).
Poultry DAF silages lipid quality analyses
Lipid extraction protocol. A modified extraction procedure (Bligh and Dyer, 1959;
Christie, 1982) was used to extract crude lipids from the baseline poultry DAF sludge and all
of the phosphoric acidification silage samples. Lipids were extracted by blending the DAF
silage samples in a commercial blender15 for 4 minutes with a 2:1 petroleum ether
methanol16 solvent mixture (vol./vol.) using a final dilution of solvent five-fold the volume of
tissue. The blended materials were then filtered through coarse filter paper17 and the filtrate
was collected. The filter cake was resuspended in the solvent mixture and blended for an
additional 3 minutes.

Filtrate was again collected while the filter cake was discarded.

Filtrates of each replicate were combined and the polar (methanol) fraction of the filtrate was
discarded.

The non-polar (petroleum ether) fraction was rinsed with distilled water to

facilitate the removal of acidic residue and non-lipid contaminants. The non-polar fraction
was removed by rotary evaporation18. The concentrated crude lipids from each replicate was
obtained and stored at –20 °C under nitrogen pending analysis. The extraction process was
11

Buchi 321 Distillation Unit. Brickman Instruments, Inc., Westbury, NY 11590
Fisher Scienctific, Fairlawn, NJ 07410
13
Metrohm 65 Dosimat, Brinkman Instruments, Inc., Westbury, NY 11590
14
Fisher Scienctific, Fairlawn, NJ 07410
15
Waring® Commercial Blender Model 31BL92, Waring Commercial , New Hartford, CT 06057
16
Fisher Scienctific, Fairlawn, NJ 07410
17
Fisherbrand™ Quantitative Q80, Scienctific, Fairlawn, NJ 07410
18
Buchi RE 111 Ratavapor, Brinkman Instruments, Inc., Westbury, NY 11590
12
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repeated for each replication sample until adequate crude lipid was collected for all analyses.
No quantitative extraction or transfer was attempted.
Free fatty acid analysis. Free fatty acid content of oils extracted from all DAF
silage samples including baseline were determined using AOAC Official Method Ca 5a-40
(American Oil Chemists’ Society, 1980b).

The extracted oil from each replicate was

weighed for 7.05 grams and then suspended in 100 mls of warmed ethyl alcohol containing a
phenolphthalein indicator. The oil-solvent mixture was then titrated with 0.1N NaOH and
the percent free fatty acid was calculated.
Oxidative stability index (OSI). The oxidative stability of oils extracted from all
DAF silage samples following 15 and 45 days of storage were obtained by the determination
of the induction period using the AOCS Official Method Cd 12b-92, and the Oil Stability
Index (OSI) (American Oil Chemists’ Society, 1980a). Triplicate 5-gram representative
samples from each replicate were evaluated using an Oxidative Stability Instrument (OSI)19.
Apparatus assembly was as described by Hill and Perkins (1995) and Harris (1997). To
measure OSI, a stream of purified air is passed through a sample of oil or fat, which is held in
a thermostat bath. The effluent air from the oil or fat is then bubbled to a vessel containing
deionized water. The conductivity of water is continually monitored. The effluent air
contains volatile organic acids, swept from oxidizing oil, which increase conductivity of the
water as oxidation proceeds. The conductivity if water is monitor by a computer or strip
chart recorder. All samples were held at 110° C and a constant airflow of 505 psi (8.8
L/hour) was maintained until induction period determinations were completed The oil OSI is
defined as the point of maximum change of the rate of oxidation, or mathematically as the

19

Omnion, Inc., Rockland, MA 02370
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maximum of second derivative of conductivity with respect to time. Higher OSI represents
the higher resistance to oxidation reaction.
Proximate analysis
Representative samples of all DAF silages including baseline following 15 and 45
days of storage were submitted to the North Carolina Department of Agriculture Forage
Testing Laboratory (Raleigh, NC) for the analysis of crude protein, crude fat, ash and mineral
content (Association of Official Analysis Chemists, 1984).
Statistical Analysis
Analysis of variance of all data was analyzed as a 2 × 2 factorial design using the
General Linear Model (GLM). Treatment effect means were considered to be significantly
different at p <0.05. Variables having a significant F-test were compared using least-square
means function of SAS (SAS, 1996).

RESULTS AND DISCUSSION
Proximate analysis
The fat content of food-grade-preserved DAF was significant lower (p <0.05) than
that of the feed-grade group at 5.52% level of acidification (Table 1). Regardless of the acid
source, an increase in acidification level resulted in significantly increased fat content of
DAF silages.

When compared to the baseline, lower fat content were observed in all

phosphoric acid acidification treatments. There were no significant acid source ×
acidification level interaction effects on proximate analysis values of DAF silage products
except for fat content.

136
Significant main effect of acidification level and acid source were observed on
selected nutrient contents of DAF silages. When compared to the baseline sample, lower
crude protein contents were observed in all acidified DAF. The response on the crude protein
content of DAF silages was likely a dilution effect by the addition of phosphoric acid.
Phosphorus contents of all acidified DAF silages were higher than that of baseline,
evidently due to the accumulation of phosphorus from the phosphoric acid sources.
Regardless of the acidification level, the addition of food-grade phosphoric acid had no effect
on the iron content of DAF silages.

However, direct acidification using feed-grade

phosphoric acid produced DAF silages with higher iron content (p <0.01), indicating the high
mineral content of this source of acid. No significant differences were observed on dry
matter and calcium contents of the preserved-DAF sludge.
Silage pH.
The pH measurement is often used to indicate the quality and stability of poultry
mortality silage (Middleton and Ferket, 1999).

By-products from bacterial protein

degradation, such as ammonia and other amines, cause a rise in the pH of silage. A slight
increase in silage pH may result from the physiological buffering capacity of the tissues,
while a considerable increase in pH of silage over the initial values is an indicator of silage
deterioration (Cai et al., 1995). Since poultry DAF sludge contains high levels of fat and
protein from poultry origin, an increase in pH of this silage during the period of phosphoric
acid stabilization could also be used to evaluate the quality of poultry DAF silage.
The pH of fresh DAF silage (baseline) was slightly lower than that of normal fresh
ground poultry mortality observed in experiment 1 (4.82 vs 5.94) due to the pH adjustments
during pretreatment of wastewater to enhance the effectiveness of the coagulation process.
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Regardless of the source of acid, the pH of all acidified DAF silages significantly decreased
to less than 1.5 (p <0.01) following direct acidification. Food-grade phosphoric acid was
more effective in lowering the pH of DAF silage (Table 2).
Similar to the results found in preserving ground poultry mortality with feed-grade
phosphoric acid (Middleton and Ferket, 1999), the pH of all poultry DAF silages preserved
with phosphoric acid increased over the period of storage (Table 3). Following 15 days of
storage, the levels and sources of phosphoric acid significantly affected the pH increases of
all DAF silage treatments (p <0.01). Highly significant acid treatment interaction effects
were also observed on pH reduction (p <0.01).
The pH of DAF silage decreased significantly with an increase in all levels of
acidification (p<0.01). Food-grade phosphoric was found to be more efficient than feedgrade phosphoric acid in reducing the degree of pH increase in DAF silage, suggesting an
advantage when a higher purity of phosphoric acid source is used for improving the pH
stability of DAF silage. Using 5.52% food-grade phosphoric acid was more effective in
stabilizing DAF silage pH than both levels of feed-grade source (p <0.01). The stability of
pH improved as the level of food-grade phosphoric acid increased to 8.28% (p <0.01)
(Table 3).
Protein quality
Volatile nitrogen. The amount of volatile nitrogen (VN) produced from bacterial
protein deterioration is a better indicator of the effectiveness of a preservation treatment than
change in pH (Pearson, 1979) because an increase in pH can be the result of both tissue
buffering capacity and bacterial protein degradation (Middleton and Ferket, 1999).

In

contrast, volatile nitrogen includes the products of protein degradation, such as biogenic
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amines and ammonia, which only arise from microbial metabolism. Following 15 days of
storage, the percent of nitrogen (%N) in the form of volatile nitrogen for all acidified poultry
DAF silage treatments was not significantly different from that of the baseline group,
indicating little or no bacterial protein degradation had occurred during this period of
preservation (Table 4). This result agreed with the findings of Middleton and Ferket (1999)
in that the acidification of poultry mortality silage to pH 2 using feed-grade phosphoric acid
and stored at ambient temperature effectively preserved protein quality, and it produced the
most favorable poultry mortality silage for subsequently use as a feed ingredient. Based on
volatile nitrogen concentration data, they also concluded that short term (up to 14 days)
preservation of poultry mortality carcasses with ≥ 2.76% feed-grade phosphoric acid
produced raw material suitable for further processing into feed ingredients. However, the
incorporation of acidified silage containing volatile nitrogen compounds exceeding 3% of
total nitrogen content in animal feeding was not recommended (Urlings et al., 1993a; Sander
et al., 1996). Therefore, poultry DAF silage obtained from the 8.28% feed-grade phosphoric
acid group should not be used as an animal feed ingredient.
Fat quality
Free fatty acid content. Free fatty acid content is often used as an indicator of
lypolysis in animal tissues during storage (Sklan et al., 1983). It is also used to judge the
quality of oil for commercial purposes. Oils are generally considered to be of high quality if
free fatty acid content is ≤ 4% (Tatterson and Windsor, 1974). Normally, fat in animal
tissues contains nearly no free fatty acid. However, it can be produced either by the activity
of endogenous lypolytic enzymes or through the action of microbial enzyme degradation of
lipid material (Matti et al., 1964; Ostby, 1986; Hierro et al., 1997). This hydrolytic activity
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of lipids can be further catalyzed by high temperature as well as high moisture content during
processing (Labuza et al., 1971).
Following 15 days of storage, the highest FFA content (4.21%) was observed in fat
extracted from the baseline or fresh poultry DAF sludge group. This could be the result of
further activity of tissue lypolytic enzyme activity or the action of microbial enzymes that
occurred before fresh DAF sludge was completely frozen (Table 4). No significant treatment
effect was observed on FFA content among the remaining DAF silages preserved with
different sources and levels of phosphoric acid. However, the FFA levels of these acidified
DAF silages was considered to be very high (~3.5%), indicating that there were some
lipolytic reactions occurring prior to the phosphoric acid stabilization. This high degree of
lypolysis may have resulted not only from the action of tissue lypolytic enzymes and
microbial enzymes, but also from the aggressive aeration and hydration during DAF sludge
production (Anonymous, 2000). The significantly lower FFA content of all phosphoric acidpreserved DAF silage in comparison to the baseline group demonstrated that direct
acidification using phosphoric acid was more effective than freezing in inhibiting lypolysis
reaction and preserving lipid quality of poultry DAF silage for a short term period of storage.
Oxidative stability index (OSI). Oxidative stability index represents the capability
of oils to resist oxidation over time in the presence of oxygen and heat. Following 15 days of
storage, the highest OSI index (4.45) was observed in fat extracted from the baseline or
frozen fresh poultry DAF sludge group (Table 4). Although poultry DAF sludge contains fat
from poultry origin, the OSI value of fresh DAF sludge was observed to be much lower than
that of fresh ground poultry mortality (17.237) (Middleton and Ferket, 1999), indicating that
a high level of lipid oxidation had already occurred during DAF sludge production process.
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Black et al. (1992) demonstrated that lipid oxidation of DAF sludge occurred mostly due to
the aggressive aeration and the addition of metal salts during the floatation process. Since
the DAF sludge used in this study was collected from the poultry processing plant that uses
iron sulfate as a coagulants in the pretreatment of wastewater, the significant secondary
oxidation of DAF lipid would also occurred earlier in DAF production process.
No significant treatment effect was observed on the OSI values among the remaining
DAF silages preserved with different sources and levels of phosphoric acid.

The

significantly lower OSI values observed among the acidification treatments as compared to
the baseline group suggests that further lipid oxidation had occurred after the addition of
phosphoric acid. Similarly, Blank et al. (1992) observed a high level of lipid oxidation in
lipid extracted from DAF sludge containing a high concentration of iron residue. Middleton
et al. (2001) observed that poorly preserved poultry mortality silage contained low lipid
quality as indicated by a significant reduction in the OSI. Therefore, the significantly lower
OSI values of all acidified DAF silages would also indicate the failure of phosphoric acid to
preserve the lipid quality of poultry DAF silages.

CONCLUSIONS
Direct acidification using phosphoric acid is an effective method for the short-term
stabilization of protein quality in poultry DAF sludge. Regardless of the source of acid, the
addition of ≥ 5.52 % phosphoric acid reduced the pH of DAF silages to ≤ 1.5 and remained ≤
2.0 through out the experimental period. Food-grade phosphoric acid was observed to be
more effective than feed-grade source in reducing the degree of pH increase in DAF silage.
This suggests an advantage of a higher purity phosphoric acid in improving pH stability of
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DAF silage. The preservation of DAF sludge with ≥5.52% phosphoric acid is an effective
way to prevent the bacterial degradation of protein, as indicated by no change in the VN level
following 15 days of storage.
Although direct acidification by phosphoric acid addition is a more effective method
than freezing in inhibiting lipolysis of poultry DAF silages, the FFA levels of these acidified
DAF silages were considered to be very high (~3.5%), indicating that a significant amount of
lipid lipolysis in DAF sludge occurred in the DAF sludge prior to the addition of phosphoric
acid. The significantly lower OSI value of all acidified DAF silages also suggested that
phosphoric acid preservation failed to improve the lipid quality of DAF silages since
extensive lipid oxidation occurred prior to the DAF sludge being condensed. The significant
lipid oxidation resulted mostly from the addition of coagulants such as iron and aluminum
salts to generate the large suspended solid flocs and the aggressive hydration to float the
suspended solid flocs to the surface during pretreatment of wastewater (Black et al., 1992).
In addition, the residue of metal salts in DAF material also caused further lipid oxidation
during processing. Lipid deterioration is therefore less likely to be inhibited by subsequent
acid preservation.

The application of a non-oxidizing coagulant was introduced as an

alternative to prevent auto-oxidation (Anonymous, 2000).
Direct acidification using phosphoric acid is a very effective means to preserve the
protein quality but not lipid quality of DAF sludge. This information can be beneficial to the
animal feed industry if the protein component from this product can separated from the less
desirable oil fraction and then incorporated into animal feeds.

More research under

commercial conditions is therefore needed to confirm the feasibility of these conclusions.
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TABLE 1. Effect of using various levels of feed- and food-grade phosphoric acid 1
on nutrient composition (proximate analysis values) of DAF silages.
Treatment
Baseline 8
5.52% Feed 9
8.28% Feed
5.52% Food10
8.28% Food
Main Effect Means
Grade of acid
Feed
Food
Level of acidification
5.52%
8.28%
Source of Variation
Level of acidification
Grade of Acid
Interaction
SEM(4)11
abc

DM2
% As Is
29.45
31.00
31.39
28.62
31.13

CP3
CFat4
Ash
Ca5
P6
------------------- % of DM--------------------------25.22
51.84
2.10
0.22
0.38
19.99
37.19 b
19.20
0.16
6.12
19.55
41.91 a
27.70
0.15
8.64
19.90
31.28 c
18.90
0.19
5.88
a
42.65
26.90
0.15
8.99
18.83

31.19
29.88

19.77
18.91

39.55
36.98

23.45
22.90

0.16
0.17

7.38
7.44

2529.5 a
1321.3 b

29.81
31.26

19.49
19.18

34.23 b
42.28 a

19.05 b
27.30 a

0.17
0.15

6.00
8.82

1826.8
2024.0

--------------------------------------P-Value ---------------------------------0.1022 0.8125 0.0022
0.0036 0.6496 0.0716 0.4352
0.1323 0.5232 0.0891
0.7043 0.7988 0.9643 0.0061
0.2154 0.9175 0.0450
0.8620 0.7988 0.8112 0.9942
0.7865 1.2237 1.1556
0.0458 0.0458 1.1561 227.675

Means within the same columns with no common superscript differ significantly (p <0.05)
Acid percentages on a wt./wt. concentrated acid basis
2
Dry matter (% of wet material as is basis)
3
Crude protein (% of dry matter content)
4
Crude fat (% of dry matter content)
5
Calcium (% of dry matter content)
6
Phosphorus (% of dry matter content)
7
Iron (ppm of dry matter content)
8
Initial parameter values in the poultry DAF sludge for comparison purposes
(fresh poultry DAF sludge frozen at -20°C)
9
Treatment with direct acidification using feed-grade phosphoric acid (74.5% wt./wt.)
10
Treatment with direct acidification using food-grade phosphoric acid (85% wt./wt.)
11
Standard error of the mean with 4 degrees of freedom
1

Fe7
ppm
1369
2430
2629
1360
1419
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TABLE 2. Effect of using various levels of feed- and food-grade phosphoric acid1
on the initial pH valued of DAF silages

Level of Acidification (%)
Baseline 2
5.52
8.28
Phosphoric Acid Grade
Main Effect Means
Source of Variation
Level of acidification
Grade of Acid
Interaction
SEM(8)5
ab

Source of
Phosphoric Acid
Food4
Feed3
4.28
4.28
1.18
1.20
1.05
1.09
1.12 y

Acidification Level
Main Effect Means
4.28
1.19 a
1.07 b

1.15 x

-------------------------- P-Value -----------------------< 0.0001
0.0124
0.2224
0.0088

Means with no common superscript differ significantly (p<0.05)
Means within the same rows with no common superscript differ significantly (p<0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
Initial parameter values in the poultry DAF sludge for comparison purposes
(fresh poultry DAF sludge frozen at -20°C)
3
Treatment with direct acidification using feed-grade phosphoric acid (74.5% wt./wt.)
4
Treatment with direct acidification using food-grade phosphoric acid (85% wt./wt.)
5
Standard error of the mean with 8 degrees of freedom
xy
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TABLE 3. Effect of using various levels of feed- and food-grade phosphoric acid 1
on the increase of pH of DAF silages following 15 days of storage.

Level of Acidification (%)
Baseline 2
5.52
8.28
Phosphoric Acid Grade
Main Effect Means
Source of Variation
Level of acidification
Grade of Acid
Interaction
SEM(8)5
abcd

Source of
Phosphoric Acid
Food4
Feed3
0.000
0.000
a
0.530
0.416 b
0.553 a
0.373 c
0.541 x

Acidification Level
Main Effect Means
0.000
0.473
0.463

0.395 y

-------------------------- P-Value -----------------------0.3268
< 0.0001
0.0083
0.0095

Means with no common superscript differ significantly (p <0.05)
Means within the same rows with no common superscript differ significantly (p <0.05)
jk
Means within the same rows with no common superscript differ significantly (p <0.05)
1
Acid percentages on a wt./wt. concentrated acid basis
2
Initial parameter values in the poultry DAF sludge for comparison purposes
(fresh poultry DAF sludge frozen at -20°C)
3
Treatment with direct acidification using feed-grade phosphoric acid (74.5% wt./wt.)
4
Treatment with direct acidification using food-grade phosphoric acid (85% wt./wt.)
5
Standard error of the mean with 8 degrees of freedom
xy
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TABLE 4. Effect of using various levels of feed- and food-grade phosphoric acid1
on volatile nitrogen (VN), percent free fatty acid (%FFA) and oxidative stability index
(OSI) following 15 days of storage.
Treatment
Baseline 2
5.52 Feed3
8.28 Feed
5.52 Food4
8.28 Food
Main Effect Means
Grade of acid
Feed
Food
Level of acidification
5.52
8.28
Source of variation
Level of Acidification
Grade of acid
Interaction
SEM(8)5
ab

%N as VN
2.97
2.69 b
3.20 a
2.82 ab
2.23 c

% FFA
4.21
3.65
3.66
3.47
3.51

OSI
4.45
0.84
1.03
1.08
1.08

2.95
2.53

3.66
0.49

0.94 b
1.08 a

2.76 a
2.72 b

3.56
0.59

0.96
1.05

----------------------------- P-Value -----------------------------0.7637
0.8090
0.1216
0.0119
0.1570
0.0217
0.0027
0.8798
0.0996
0.1285
0.1067
0.0510

Means with no common superscript differ significantly (p<0.05)
Acid percentages on a wt./wt. concentrated acid basis
2
Initial parameter values in the poultry DAF sludge for comparison purposes
(fresh poultry DAF sludge frozen at -20°C)
3
Treatment with direct acidification using feed-grade phosphoric acid (74.5% wt./wt.)
4
Treatment with direct acidification using food-grade phosphoric acid (85% wt./wt.)
5
Standard error of the mean with 8 degrees of freedom
1
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ABSTRACT
Information on the digestibility of secondary protein nutrients (SPN) is required to properly
use it in broiler feed formulations. To accurately estimate the nutrient digestibility of feed
ingredients the dietary inclusion of an inert indigestible marker is required. The objective of
this study is to compare the effectiveness of acid insoluble ash (AIA) and titanium dioxide
(TiO2) as indigestible markers for the measurement of nutrient digestibility of secondary
protein nutrients for broiler chickens. One hundred-forty-four 1-d-old male broiler chicks
were fed either a corn-soy basal diet or a test diet replacing 20% basal diet with SPN until 14
d of age. Each diet contained 1.5% CeliteTM and 0.5 % TiO2 as indigestible markers. Excreta
samples were collected for 3 consecutive days starting on day 12 to estimate nutrient
digestibility of SPN. Both digestibility markers were able to detect the significant reduction
in AMEn, ANR, and AFD when 20% of the corn-soy diet was replaced with the equal
amount of SPN. However, there was no significant correlation among AMEn, ANR, and
AFD values calculated between the use of AIA and TiO2 in the same diet. The AMEn, ANR,
and AFD of SPN material calculated from the use of AIA were 1650.37 kcal/kg, 23.66%, and
12.60%, respectively; while the AMEn, ANR, and AFD of SPN calculated from the use of
TiO2 were 2717.88 kcal/kg, 37.16%, and 27.74%, respectively.

In comparison to the

calculated nutrient analysis of the control diet, the AIA method estimated AMEn with greater
accuracy than the TiO2 method. This difference may be related to the inferiority of the TiO2
method measuring the digestibility of fat in SPN. The AIA method was determined to be the
most suitable method for measuring apparent nutrient digestibility of a high protein and fatcontaining feed ingredient, such as SPN.
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INTRODUCTION
Secondary protein nutrients (SPN)1 is a by-product meal derived from the processing
of dissolved air flotation (DAF) material using a proprietary process. This product has been
shown to contain high level of protein and fat from poultry origin, which could be potentially
used as feed ingredient (Anonymous, 2000). Freeman et al. (2000) indicated that SPN could
be used to substitute soybean meal up to 50% in the diets of steers with no deleterious
performance effects. However, the application of this material in poultry feeding is limited.
In order to properly incorporate this product in poultry diet, its nutritional values must be
evaluated.
Accurate information about the metabolizable energy content and nutrient
digestibility of feed ingredients is essential to properly formulate animal diets.

This

information may be obtained from feeding diets containing known amounts of the test
ingredient to birds, determining residual nutrient content of excreta, and calculating the
digestibility by difference. Although total fecal collection has been widely used to determine
metabolizable energy and nutrient digestibility of feed ingredient, this method is less
desirable because it is laborious, it requires special equipment, and it is subjected to criticism
of animal welfare (Bakker and Jongbloed, 1994). In contrast, use of an indigestible dietary
marker allows for the estimation of nutrient digestibility by the difference in nutrient:marker
ratio in feed and excreta without the need to account for total feed consumption and excreta
voided.

1

American Proteins, Inc., Cumming, Georgia
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Many indigestible substances have been used as a dietary marker in digestibility trials
with poultry and livestock as an alternative to total collection method (Kotb and Luckey,
1972).

The addition of markers helps reduce the errors associated with the inaccurate

measurement of feed intake, excreta output, and contamination of excreta (Sibblad, 1987). It
is particularly suitable for studies in which total collection cannot be undertaken (Barton and
Houston, 1991). Unfortunately, no existing marker totally fulfills all requirements indicated
by Kotb and Luckey (1972).
Many researchers have used chromic oxide (Cr3O2) as an indigestible marker in
nutritional studies (Dansky and Hill, 1952, Lloyds et al., 1955). However, the use of this
compound has become less acceptable because the colorimetric method of determining
chromium content requires the use of perchloric acid, which poses serious risks to laboratory
safety (Peddie et al., 1982). It also can oxidize unsaturated fatty acids and thus reduce their
nutritional availability (Steel and Clapperton, 1982). Moreover, the Cr2O3 marker is carried
more readily by the fluid fraction than the solid fraction of the digesta (Oberleas et al., 1990),
which may introduce more variability, depending upon the physical characteristics of the
diet.
Titamium dioxide (TiO2) has been found to be a more suitable marker than Cr2O3
because its analysis is less dangerous, it requires lower dietary inclusion levels, and its
analysis requires much smaller sample sizes. Jagger et al. (1992) concluded that only 1 g
TiO2/kg diet is needed as an indigestible marker and 1 g of dried excreta is sufficient to
accuractly measure nutrient digestibility. Peddie et al. (1982) and Short et al. (1996) reported
that TiO2 yielded accurate and reproducible results from hen and chicken digesta samples,
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respectively. In contrast, Barton and Houston (1991) found highly variable and extremely
low recovery rates of titanium dioxide when it was used to evaluate raptor trails.
Vogtmann et al. (1975) introduced the use of acid insoluble ash (AIA) as an internal
marker of nutrient digestibility for poultry. Analysis of AIA is less expensive, its analysis is
less hazardous, and it requires less time than the Cr2O3 method. Moreover, AIA eliminates
electrostatic separation problems often observed with the use of Cr2O3 as a digestibility
marker (Schang et al., 1983).

Unfortunately, the accuracy of AIA measurement is low in

feed containing low AIA content; however, this problem can be overcome by the addition of
exogenous acid insoluble ash to the feed. Vogtmann et al. (1975) reported that AIA gave
similar accuracy as the total collection method for determination of metabolizable energy and
fatty acid digestibility in broilers. The optimum levels of AIA for accuracy and repeatability
were between 0.5% and 1.0% dietary inclusion levels, with at least 5 g dried excreta needed
for accurate measurement.

However, higher nutrient digestibilities were observed in

chickens, laying hens, ostriches and partridges when acid insoluble ash was used as the
marker in comparison to total collection method (Tillman and Waldroup, 1988; Cheng and
Coon, 1990; Nizza and Meo, 2000),
There were two objectives of this study. The first objective was to estimate the
nutrient digestibility of SPN in broilers, namely apparent metabolizable energy, apparent fat
digestibility, and apparent nitrogen retention. This information is necessary to assess the
feeding value of SPN in poultry. The second objective was to compare the accuracy and
precision of using AIA (Celite™) and TiO2 as digestibility markers in determining apparent
nutrient digestibility of secondary protein nutrients for broiler chickens.
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MATERIALS AND METHODS
Bird husbandry and management
This research were conducted under the supervision of the North Carolina State
University Animal Care and Use Committee (IACUC), which has adopted the Animal Care
and Use Guidelines governing all animal used in experimental procedure (Federation of
Animal Science Societies, 1999).
The apparent nutrient digestibility of SPN2 was evaluated by a completely
randomized design experiment. One hundred-forty-four 1-d-old Ross 3083 male broiler
chicks were assigned to two experimental diets: one corn-soy basal diet served as a control
treatment, and the other diet composed of 20% SPN and 80% basal diet. The basal diet was
formulated to meet or exceed the NRC (1994) recommendations for broilers from 1 to 21 d
of age (Table 1).

The SPN diet was made by including 20% SPN in place of an equal

portion of the corn-soy basal diet. Each of these experimental diets was supplemented with
1.5% CeliteTM4 (acid insoluble ash) and 0.5% titanium dioxide5 as ingestible reference
markers, respectively.

Apparent nutrient digestibility indices were calculated for apparent

metabolizable energy corrected for nitrogen-retention (AMEn), apparent fat digestibility
(AFD), and apparent nitrogen retention (ANR). Each dietary treatment was subjected to 6
replicate cages containing with 12 birds each. The birds were placed in Petersime battery
brooder cages in the temperature-controlled room up to 15 days of age. Feed and water were
fed ad-libitum through out the experiment.

2

Secondary Protein Nutrient, American Proteins Inc., Georgia
Aviagen, Huntsville, Alabama
4
Celite™, Celite Corp., Lampar, CA 93436
5
Fisher Scientific, Fairlawn, NJ 07410
3
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Individual body weights and pen feed consumption were recorded at 0, 7 and 14 days of age
and periodic and cumulative feed/gain (FCR) were calculated. Mortality rate and cause were
recorded as it occurred.
Sample collection and laboratory analysis
Excreta collection. Excreta were collected at 24-hour intervals for 3 consecutive
days (12-14 days of age) to evaluated apparent nutrient digestibility of SPN.
Clean (free of obvious feather and feed contaminants) representative samples of excreta were
collected once daily from stainless steel collection trays placed under each replicate cage.
Excreta from each replicate group of birds were collected during the 3 consecutive days were
pooled in a 4 liter Ziploc plastic bag and stored at -20 C pending for analysis.
Sample analysis.

Prior to analysis, the frozen-excreta were allowed to defrost

overnight at room temperature. Then approximately 200 g samples of representative excreta
from each pen were blended6 with approximately 100 ml distilled water to slurry. The slurry
was then adjusted to pH 5.4 by the addition of sulfuric acid (0.1 N)7 to minimize the
volatilization of nitrogen. All excreta samples were dried overnight in a forced-air convection
oven8 set at 70ºC. The dried excreta were ground in the blender and stored in plastic
specimen bags at -20°C pending for analysis. Moisture content of dried excreta was
determined by drying ~5 g. of pre-dried excreta at 105°C for 16-18 hours in a force-air
convection oven7. Feed and excreta energy values were obtained by combustion in an
adiabatic oxygen bomb calorimeter9. Celite™ and titanium dioxide recovery was performed
using the method described by Vogtmann et al. (1975) and Short et al. (1996), respectively.

6

Waring® Commercial Blender Model 31BL92, Waring Commercial, New Hartford, CT 06057
Fisher Scientific, Fairlawn, NJ 07410
8
Blue-M, Model # DC-326F, Serial# DC-509, Blue M, Atlanta, GA
9
IKA Calorimeter System C5000 Control, IKA® Werke Labortechnik, Staufen, Germany
7
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The nitrogen content of all samples was determined using a Kjeldahl automatic nitrogen
analyzer10 according to the Kjeldahl method. (AOAC, 1984). Fat content was analyzed
according to the method described by Folch et. al (1957). The analytical data were used to
calculate nitrogen corrected apparent metabolizable energy (AMEn) (Equation 1) per gram of
diet at dry matter basis, using a nitrogen correction factor of 8.22 cal/g N retained (Hill and
Anderson, 1958 and Hill et al., 1960) (Appendix 2):
AMEn/ g feed = GE/g feed – E/g feces (Marker adjusted) – N correction…....….(1)

Apparent nitrogen retention (ANR%) and apparent fat digestibility (AFD%) were then
calculated according to the following equations (Appendix 1):
ANR (%) =

N retained / g diet × 100% .……………..……..………..………..(2)
N / g diet

AFD (%) = Fat retained / g diet × 100% ……………...……….......………….(3)
Fat / g diet

The calculated AMEn, ANR, and AFD of each experimental diet were used to calculate
AMEn, ANR, and AFD of SPN material according to the following equations:
AMEn of SPN = (AMEn of SPN diet – (AMEn of basal diet × 0.8) ….........…...(4)
0.2.
ANR of SPN = (ANR of SPN diet – (ANR of basal diet × 0.8)………..............(5)

AFD of SPN

10

0.2
= (AFD of SPN diet – (AFD of basal diet × 0.8) ……............….(6)
0.2

KJECTEC Auto 1030 Analyzer, Teca, Sweden
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Proximate analysis
Representative samples of all experimental diets were submitted to the North
Carolina Department of Agriculture Forage Testing Laboratory (Raleigh, NC) for the
analysis of crude protein, crude fat, ash and mineral content (Association of Official Analysis
Chemists, 1984).
Statistical Analysis
Analysis of variance of all data was done by the General Linear Model (GLM) of
SAS (SAS, 1996). Treatment effect were considered to be significant difference at p <0.05.
Variables having a significant F-test were compared using the least square means function of
SAS (1996). Pearson correlation coefficient analysis (SAS, 1996) was used to study the
accuracy of the AIA and TiO2 methods in estimating apparent nutrient digestibility. The
correlation coefficient was considered to be significant difference at p <0.05.

RESULTS AND DISCUSSION
Proximate Analysis. The substitution of basal diet with 20% SPN had no effect on
crude fiber, calcium and phosphorus content of the broiler diet (Table 2). However, the 20%
SPN diet had significantly higher dry matter and crude protein than the control diet. Because
of its high iron content, the inclusion of SPN resulted in a significantly increased iron and ash
content of broiler diet (p <0.05).
Apparent nutrient digestibility of experimental diets.
Table 3 summarizes the apparent metabolizable energy (AMEn), apparent fat
digestibility (%AFD) and apparent nitrogen retention (%ANR) of the control and SPN diets
as determined using the two types of indigestible markers (Celite™ and titanium dioxide).
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There was no significant marker X diet interaction effects observed on AMEn and ANR, but
an interaction effect was observed on AFD. In comparison to AIA, the use of titanium
dioxide as a digestibility marker resulted in significantly higher AFD in both experimental
diets. As Steel and Clapperton (1982) observed with the use of Cr2O3, the TiO2 method may
result in greater oxidation losses of fatty acids, resulting in higher estimates of AFD.
Moreover, TiO2 may migrate more readily with the fluid fraction than the solid fraction of
the digesta as observed by the use of Cr2O3 (Oberleas et al., 1990), thus causing greater
variability in digestibility measure.
Regardless of the type of indigestible marker used, significant diet effects were
observed on AMEn, ANR, and AFD (Table 3). Apparent metabolizable energy obtained
from the basal diet (corn-soy) was significant higher than that of diet containing 20% SPN (p
<0.01). Similar effects were observed on % ANR and %AFD. The lower ANR and AFD of
the SPN diet could be due to the deterioration of protein and fat quality during the process of
producing the SPN meal. These destructive processes may include fatty acid oxidation,
exacerbated by the addition of the iron flocculating agent treatment and the aggressive
aeration during pretreatment of wastewater, or the heat treatment to cook and dehydrate DAF
sludge into SPN meal. The lower ANR and AFD of diet containing SPN, therefore,
contributed to the reduction in AMEn value when 20% of corn-soy basal diet was substituted
with SPN.
Although only significant (p <0.01) main effects of diet and marker type was
observed on AMEn, a significant replication (pen) effect within the treatment was also
observed on ANR of experimental diets. The significant replication effect could result from
the variation of representative samples of feed and excreta composition taken from each pen
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and the contamination of excreta with feather and feed that led to the error measurement of
nitrogen content. In addition to the significant replication effect, significant effect of sub
sample, significant marker × diet interaction effects, and significant replication × marker ×
diet effects were observed on AFD of diets. The significant effect of the sub sample within
the replication indicated an inconsistent laboratory technique during the process of taking
representative sub samples from each replication as well as the possibility of error in
laboratory technique during fat extraction and Celite™ and titanium dioxide content
determination of either excreta and feed samples.
The correlation coefficient is normally used to determine the relationship between
two variables. The correlation of AMEn, ANR, and AFD calculated by the AIA and TiO2
methods for each experimental diet are shown in Table 3. Results clearly indicated that there
was no significant correlation of AMEn and ANR values between the AIA method and the
TiO2 method. These results suggested that these two markers behave very differently in how
nutrient digestibility is determined in the experimental diets.

However, significant

correlation of AFD determined by these two methods was observed, which could also be the
result of inconsistent laboratory techniques.
Apparent nutrient digestibility of dietary SPN
The calculated AMEn, ANR, and AFD of SPN material obtained from the use of
Celite™ as digestibility marker were 1650.37 kcal/kg, 23.66%, and 12.60%, respectively,
while the calculated AMEn, ANR, and AFD of SPN obtained from the use of TiO2 were
2717.88 kcal/kg, 37.16%, and 27.74%, respectively (Table 4). SPN nutrient digestibility was
calculated from the differences between nutrient digestibility of control and 20% SPN diet.
AMEn, ANR and AFD of both diets obtained from the use of TiO2 method were significantly
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higher than those obtained from AIA method (Table 3), and this resulted in higher calculated
nutrient digestibility values of SPN. The high variability of TiO2 recovery could have
resulted from the use of a small amount (1 g) of sample for titanium content measurement,
especially, when the laboratory technique was inconsistent. This could be the case since the
laboratory technique (sub sample effect) was found to significantly affect AFD of the diets
(Table 3). In addition, Jagger et al. (1992) indicated that the inclusion of titanium dioxide at
1 g/kg diet appeared to be more suitable for digestibility study than using 5 g/kg diet because
high titanium dioxide level reduced feed palatability, which could lead to lower rate of feed
consumption and a reduction in marker recovery.

In the present study, TiO2 was

supplemented at 5g/kg, therefore, feed intake could have been compromised and marker
recovery could have been hindered. In contrast, Sales and Janssens (2003) indicated that the
accuracy of AIA measurement could be improved by the addition of exogenous sources of
natural acid-insoluble ash.

Therefore, the adverse effect of feed intake reduction on the

accuracy of AIA method could be compromised by high AIA supplementation (1.5%) and
the large sample size for AIA content determination.
Assuming that the control diet contained 3199 kcal AMEn/kg as calculated, the AIA
method yielded a more accurate and precise estimate for AMEn than the TiO2 method (Table
3). The AMEn of control diet obtained for the use of Celite™ was approximately 28.79 ±
76.98 kcal/kg lower than that of calculated analysis value; while the AMEn value obtained
from TiO2 marker was 126.15 ± 164.31 kcal/kg higher than that of calculated analysis value
of experimental diet. The results from the present study agreed with Vogtmann et al. (1975)
that AIA gives an accurate determination of metabolizable energy in broilers. The high
accuracy of the AIA method in this experiment could be the result of the higher dietary
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inclusion level of Celite™ than TiO2 (1.5% versus 0.5%), coupled with a greater amount of
the sample analyzed (5 g versus 1 g). The high variability in AMEn determined by the TiO2
method could result from an incomplete recovery of this marker in the excreta, the prolonged
retention of TiO2 in the digestive tract because of its low specific gravity (Lloyd et al., 1956),
and the possible loss of TiO2 during sample preparation, grinding, ashing, and dissolution
(Barton and Houston, 1991).
Since the AIA method was found to be the best marker in determining nutrient
digestibility of the diet containing SPN material, AMEn, ANR and AFD of SPN obtained
from this method are acceptable. Based on %ANR obtained from AIA method, the protein
and amino acid digestibility of SPN were calculated and shown in Table 5. The calculated
protein digestibility of SPN was 10.35%. Digestibility of methionine, cystine, methionine +
cystine, lysine and arginine were 19.0%, 17.6%, 36.7%, 64.8% and 52.4%, respectively.
This information could also be used for diet formulation purposes.
Bird performance. The effects of substituting 20% corn-soy basal diet with SPN on
broiler performances are shown in Table 6. Feeding the SPN diet had no effect on feed
intake of broilers during 0-7 days of age, but significantly lower (p <0.05) feed intake was
observed during 7-14 and 0-14 d of age. Due to the reduction in feed intake, body weight
gains for birds consuming the SPN diet were significant lower, while FCR was significantly
higher than observed in birds consuming the corn-soy basal diet throughout the experimental
period (p <0.05). Frastad et. al. (1976) indicated that the reduction in weight gain can be
explained by lower nutritional value of DAF material.
SPN meal derived from the processing of DAF material, which is known to contain
damaged fat with a high level of free fatty acid and low shelf life, and poor quality protein
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with a significant amount of degradation by-products (Black et al., 1992, Anonymous 2000).
The presence of high concentrations of iron or aluminum residue in meals derived from DAF
material causes the auto-oxidation of lipid and deterioration of products quality (Barvenik et
al., 1997). In addition, the thermal processing of DAF material could also destroy or hinder
the bioavailability of valuable amino acids (Papadopoulos, 1989). When SPN was included
at 20% of the diet, significant reduction in dietary fat and protein availability and concurrent
reductions in metabolizable energy were observed in broilers.

Since birds from both

treatment groups used the same amount of AMEn per unit of gain, the reduction in
metabolizable energy due to the detrimental effects of SPN resulted in a significant reduction
in body weight gain and increased FCR. More research is needed to determine the effect of
level of dietary SPN inclusion after considering nutrient digestibility.

CONCLUSION
In this study, both CeliteTM (acid insoluble ash) and titanium dioxide method were
able to distinguish the differences in apparent nutrient digestibility of experimental diets.
However, the addition of 1.5% CeliteTM as an exogenous inert digestibility marker in the
experimental diet resulted in the most accurate and precise estimates of AMEn.

It is

therefore considered to be an appropriate method for measuring the apparent nutrient
digestibility of diet containing dietary SPN.
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TABLE 1. Ingredient composition of basal diet

Ingredient
Corn
Soybean meal (48%CP)
Poultry fat
Dicalcium (18.5% P)
Limestone
Salt
Mineral premix1
Vitamin premix2
Choline chloride (60%)
DL-methionine
Celite™
Titanium
Total
1

(%)
49.38
37.71
6.56
1.89
1.38
0.44
0.20
0.10
0.20
0.14
1.50
0.50
100.00

Calculated Nutrient Analysis (%)
Crude protein
23.00
ME poultry (kcal/kg)
3199.00
Crude fat
7.44
Crude fiber
2.32
Lysine
1.33
Methionine
0.50
Methionine + Cystine
0.92
Threonine
0.88
Tryptophane
0.31
Calcium
1.00
Avail. Phosphorus
0.45
Sodium
0.20
Chloride
0.32

Supplies the following per kilogram of feed: zinc 120 mg; manganese 120 mg; iron 80 mg; iodine 2.5 mg;
cobalt 1 mg
2
Supplies the following per kilogram feed: vitamin A 6,600 IU; vitamin D3 200ICU; vitamin E 33 IU; vitamin
B12 19.8 µg; riboflavin 6.6 mg; niacin 55 mg; d-pantothenate 11 mg; menadione 2 mg; thiamine 20 mg;
pyridoxine 4 mg; biotin 126 µg; folic acid 1.1 mg
3
Celite™, Celite Corp., Lampar CA 93436
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TABLE 2. Nutrient composition (proximate analysis values) of experimental diets
(% Dry matter basis)
Treatment
Basal
20% SPNs8
P-Value
ab

DM1
90.76 b
92.61 a
0.0072

CP2
23.99 b
28.24 a
0.0053

CFI3
5.63
7.12
0.1447

CFat4
14.92
18.05
0.1490

Ash
8.80 b
11.00 a
0.0181

Ca5
1.43
1.51
0.2453

P6
0.76
1.02
0.1424

Means within the same columns with no common superscript differ significantly (p <0.05)
Dry matter (%)
2
Crude protein (%)
3
Crude fiber (%)
4
Crude fat (%)
5
Calcium (%)
6
Phosphorus (%)
7
Iron (ppm)
8
Secondary Protein Nutrients, American Protein, Inc., Georgia
1

Fe7
491 b
5626 a
0.0047
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TABLE 3. Apparent metabolizable energy (AMEn), apparent nitrogen retention (ANR, %)
and apparent fat digestibility (AFD, %) of experimental diets as determined by using
CeliteTM (acid insoluble ash)1 and titanium dioxide (TiO2) 2 as digestibility markers.
Dietary
treatments
Corn-Soy
Corn-Soy
20% SPN3
20 % SPN

Digestibility
Markers
CeliteTM
TiO2
CeliteTM
TiO2

Main effect means
Diet
Corn-Soy
20% SPNs
Marker
CeliteTM
TiO2

AME
(kcal/kg diet)
3169.39 ± 76.98
3324.34 ± 164.32
2889.11 ± 81.42
3102.12 ± 205.93

%ANR

%AFD

61.32 ± 2.44
65.53 ± 4.65
53.79 ± 3.04
59.86 ± 4.81

80.36 ± 3.52 b
82.59 ± 3.83 a
66.81 ± 3.58 d
71.64 ± 5.16 c

3246.865 a
2995.615 b

63.43 a
56.83 b

81.475 a
69.225 b

3029.25 y
3213.23 x

57.06 y
62.75 x

73.585 y
77.115 x

Source of variation ------------------------------------- P-Value --------------------------------Diet
<0.0001
<0.0001
<0.0001
4
Rep (Diet)
0.0798
0.0163
<0.0001
Sub5 (Rep*Diet)
0.5483
0.1971
0.0035
Marker
0.0002
<0.0001
<0.0001
Diet*Marker
0.4186
0.2544
0.0137
Rep*Marker* Diet
0.0263
0.1066
0.0163
120.04
2.69
1.55
SEM(11)6
Correlation coefficient of marker
Corn-Soy
P-Value

0.3295
0.2955

0.1046
0.1920

0.7911
0.0022

20% SPN
P-Value

0.0294
0.9277

0.2341
0.4639

0.6343
0.0260

Test for deviation of SPN AME from calculated analysis value
Celite™
-28.79 ± 76.98
TiO2
126.15 ± 164.31
P-Value
0.0068
ab

Means within the same columns with no common superscript differ significantly (p <0.05)
Means within the same columns with no common superscript differ significantly (p <0.05)
1
Celite™, Celite Corp., Lampar CA 93436
2
Fisher Scientific, Fairlawn, NJ 07410
3
Secondary Protein Nutrients, American Protein, Inc., Georgia
4
Means of samples taken from each replication (pen)
5
Mean of sub samples taken from each replication
6
Standard error of the means with 11 degrees of freedom
xy
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TABLE 4. Calculated apparent metabolizable energy (AMEn), apparent nitrogen retention
(ANR, %) and apparent fat digestibility (AFD, %) of dietary SPN1 as determined by using
CeliteTM (acid insoluble ash)2 and titanium dioxide (TiO2)3 as digestibility markers.
Digestibility
Markers
CeliteTM
TiO2
1

AME
(kcal/kg diet)
1650.37 ± 407.07
2717 ± 1029.66

Secondary Protein Nutrients, American Protein, Inc., Georgia
Celite™, Celite Corp., Lampar CA 93436
3
Fisher Scientific, Fairlawn, NJ 07410
2

%ANR

%AFD

23.66
37.16

12.60
27.74
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TABLE 5. Calculated protein and amino acid digestibility of SPN1 based on %ANR
obtained from the use of AIA method in SPN nutrient digestibility study
SPN1
Crude protein (%)
Dry matter (%)
Crude fat (%)
Crude fiber (%)
Ash (%)

Amino acid composition (%)
Methionine
Cystine
Methionine+Cystine
Lysine
Arginine
Tryptophan
Tyrosine
Threonine
Serine
Phenylalanine
Aspartic acid
Glutamic acid
Proline
Glycine
Alanine
Valine
Isoleucine
Leucine
Histidine
Hydroxy proline
Hydroxy leucine
Taurine
Ornithine
1

Chemical analysis (%)
43.725
88.205
19.910
2.390
13.715

% Digestible Nutrients
10.345

0.805
0.745
1.550
2.740
2.215
0.455
1.315
1.825
1.665
1.985
3.665
4.460
1.640
1.925
2.450
2.665
2.000
3.670
1.220
0.080
0.000
0.075
0.085

19.0
17.6
36.7
64.8
52.4
10.8
31.1
43.2
39.4
47.0
86.7
105.5
38.8
45.5
58.0
63.1
47.3
86.8
28.9
1.9
0.0
1.8
2.0

Secondary Protein Nutrients, American Protein Inc., Georgia
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TABLE 6. Effect of substituting 20% corn-soy diet with SPN1 on performance of broilers
during 0-14 days of age
BW gain2

Total FI3

FCR4

Treatment

ab

AMEn5 /gain
(kcal/kg)/g

%
Mortality

3524.12
3442.68
0.4456

1.39
0.00
0.3409

Corn-Soy
20% SPN
P-value

123.76
113.08 b
0.0019

0-7 days of age
137.50
1.11 b
135.84
1.19 a
0.6871
00049

Corn-Soy
20% SPN
P-value

302.43 a
263.90 b
< 0.0001

7-14 days of age
358.21 a
1.18 b
b
346.88
1.32 a
0.0459
0.0002

3753.94
3801.66
0.6965

0.00
1.39
0.3409

Corn-Soy
20% SPN
P-value

a

0-14 days of age
495.71
1.30 b
482.72
1.45 a
0.0550
< 0.0001

4114.40
4181.16
0.5882

1.39
1.39
1.0000

a

381.83
333.81 b
< 0.0001

Means within the same columns with no common superscript differ significantly (p <0.05)
Secondary Protein Nutrients, American Protein Inc., Georgia
2
Body weight gain (gram/day)
3
Total feed intake (gram/bird)
4
Feed conversion ration
5
Apparent metabolizable energy N-corrected (kcal/kg)
1
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Appendix 1
Equation to measure the apparent nitrogen corrected metabolizable energy (AMEn), apparent
nitrogen retention (ANR, %), and apparent fat digestibility (AFD, %) of broiler chickens
diets.
ME/ g feed = [ GE/ g feed (DM basis) – ( Marker/ g feed ) ] × E/ g excreta ………….. (1a)
Marker/ g excreta

Where GE is the gross energy / g feed (DM basis), and E is the energy/ g of excreta. Dietary
ME values corrected to nitrogen equilibrium (MEn) were derived by the calculation using the
following equations (Hill et al., 1960).

MEn/ g feed = GE/g feed – E/g excreta (Marker adjusted) – N correction …….(1b)
Where N correction = N retained/ g diet × 8.22

Apparent nitrogen retention (ANR %) and apparent fat digestibility (AFD %) were calculated
based on DM basis according to equation 2 and 3, respectively.
ANR (%) = N retained/ g diet ×100 …………………………………………... (2)
N/ g diet
Where N retained/ g diet = [ G.N./ g feed – (Marker / g feed ) × G.N./g excreta ]
Marker / g excreta

G.N. refers to gross nitrogen expressed in grams and obtained by Macro-Kjeldahl procedure
AFD (%) = Fat retained/g diet ×100 ………………………………………….. (3)
Fat/g diet
Fat retained/ g diet = [ Fat/g feed – (Marker / g feed ) × Fat./g excreta ]
Marker / g excreta
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ABSTRACT
Secondary protein nutrients (SPN), a stable product resulting from the processing
dissolved air flotation (DAF) sludge from poultry processing plant wastewater, has potential
value as a source of protein and fat in animal diets. The objectives of this study were 1) to
study the effect of feeding diets containing various levels of SPN on nutrient digestibility and
broiler performance during 0-21 days of age, and 2) to validate the AMEn estimates of SPN
determined previously. Three-hundred-sixty 1-d-old male broiler chicks were randomly
assigned to 5 dietary treatments consisting of increasing levels of SPN in corn-soy diets: 1)
negative control (NC, 85% of NRC); 2) positive control (PC, 0% SPN); 3) 7.5% SPN; 4)
15% SPN; and 5) 20% SPN. All diets except NC were formulated to meet or exceed NRC
(1994) recommendations for amino acids, using the nutrient digestibility estimates of SPN
determined in a previous study. AMEn, ANR, AFD, and broiler performance decreased
quadratically (p <0.01) as the dietary level of SPN increased. AMEn of diets containing up
to 15% SPN were similar; however, a significant decrease in AMEn was observed when SPN
was included at 20% in the diet (p <0.01). Body weight gain (BW) and feed intake (FI)
decreased (p< .01) as dietary SPN levels increased. BW and FI of NC and 7.5% SPN
treatment groups were similar, but significantly lower than that of PC treatment. Similar
results were observed on feed conversion ratio (FCR). Including 20% SPN in diet resulted in
higher incidence of rickets in broilers at 14 days of age, thereby causing a higher mortality
rate (p< 0.01) from 14 to 21 days of age. The reduction in bird performance indicated
adverse effects of including high levels of dietary SPN on nutrient availability of broiler
diets. Based on the results of this experiment, SPN has relatively low nutritional value for
broilers.
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INTRODUCTION
Concerns relative to the environmental safety of current disposal methods of the byproducts from poultry processing plants have been raised. As traditional disposal methods
become more expensive and restrictive, processing plants must seek more suitable means of
disposal, especially for biosolids recovered from wastewater treatment known as dissolved
air floatation (DAF) sludge. Rendering DAF into sources of animal protein meals and fat for
animal feed may be a feasible alternative to traditional disposal methods. It may also be a
more efficient and cost-effective means to recycle valuable nutrients into the food chain.
However, the stabilization and drying of protein-rich material is a very expensive process
(Fransen et al, 1998). Moreover, these processes could destroy or hinder the bioavailability
of valuable amino acids in DAF material (Bender, 1970: Papadopoulos, 1989).
Many researchers have investigated the potential of using DAF sludge as an animal
feed ingredient (Harstad and Hvidsten, 1973; Frastad et al., 1976; Grant, 1976; El Boushy et
al., 1984). However, float fat deposition and chemical content from the coagulation and
flocculation process are the major concerns of including this material in animal feed
(Anonymous, 2000). The deposition of inorganic coagulant iron and aluminum residues in
DAF sludge accelerates lipid oxidation and causes the deterioration of the product’s
nutritional quality (Barvenik et al., 1997). Although the addition of ethoxyquin or the use of
non-oxidizing coagulants have been suggested to effectively minimize oxidation, the
separation of the oxidized fats from the solid components appears to be a more effective way
to improve the quality of DAF sludge as a nutrient source for animals (Anonymous, 2000).
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Recently, several methods became commercially available for converting DAF sludge
into value-added nutritional products. Meyn (1990) introduced a method for thickening and
drying DAF sludge by heat coagulation followed by pressing it with a simple compact
stainless steel belt filter press. This method reduces the bacterial content by approximately
90%, reduces the levels of free fatty acids, and reduces rancidity in the DAF material.
Flotation sludge processed in this way can be used as a valuable animal feedstuff. Novus
International Inc.1 developed a method called “The Claradigm By-Product Recovery
System”. DAF sludge is initially mixed with ethoxyquin (Santoquin®)1 to inhibit lipid
oxidation, then is heat-processed in a continuous cooker to break the emulsion. This system
is very efficient in separating the protein and fat components of DAF sludge to produce feedgrade animal fat and animal protein meals (Anonymous, 2000). A new patented process
developed by Rigel Technology Corporation2 has also been shown to efficiently convert
DAF sludge into a value-added nutritional product for feed and fertilizer. The dry form
products are normally used for dairy animals that require by-pass fat and protein to produce
more milk at lower costs (Freeman et. al., 2002). Wet form products can be used for liquid
feeding and extruded products (Lee, 2002).
Several studies have been conducted to evaluate the nutritional value of feed products
made from DAF.

De Vries and Mudler (1986) studied the effect of including dried

flocculated poultry sludge at 7% and 15% in broiler diets. Trained taste panelists found no
adverse effect on the palatability of the resulting broiler meat to. Moreover, no
histopathological changes in liver, heart, kidney, brain, and spleen were observed. Grant
(1976) conducted a standard feeding trial using dried protein effluent at 50% of total crude

1
2

Novus International Inc, St. Louis, MO 63141
Rigel Technology Corporation, Shawnee, KS 66203
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protein in the diet and found no evidence of toxic side effects to the birds. El Boushy et al.
(1984) suggested that dried sludge could be practically used as an economical source of feed
methionine, cystine and metabolizable energy. However, increasing the proportion of dried
sludge from 2 to 7% in the diets evidently decreased the growth rate of broilers at 4 and 7
weeks of age. Reductions in performance were attributed to the high iron concentration of
the DAF meal.
Lyons and Vandepopuliere (1997) demonstrated the effects of secondary poultry
nutrients, produced from chitosan-floculated sludge, as a feed ingredient for broilers. The
sludge was dried and/or extruded to produce different secondary poultry nutrients products.
All products were evaluated in broiler diets at inclusion levels ranging from 3 to 15%. At 3
weeks of age, body weight gain and feed efficiency of broilers fed diets containing the dried
secondary poultry nutrient were significantly decreased. However, no significant differences
in body weight and feed conversion were observed among birds receiving the secondary
poultry nutrients product that had been partially dried prior to extrusion. A significantly
decreased body weight gain was observed when the non-predried, extruded SPN product was
included above 6% in the diets. Lyons and Vandepopuliere (1997) concluded from their
experiment that SPN could be incorporated into diets at levels up to 4% without adversely
affecting broiler performance.
Secondary protein nutrients, a meal produced using a proprietary process by
American Proteins, Inc. (Cumming, GA), contains high levels of protein and fat that are
comparable to those in blood meal. This product has been successfully substituted

for

soybean meal at up to 50% in the diets of steers with no deleterious performance effects
(Freeman, et. al., 2002). However, the potential of use of SPN in poultry diets has never
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been investigated. We hypothesized that the chemical and heat treatments used in the
processing of DAF sludge into SPN could lead to fat and protein degradation; thereby
reducing nutritional bioavailability of SPN for monogastric animals, such as poultry. The
objectives of this experiment are 1) to evaluate the effect of feeding diets containing various
levels of SPN on nutrient digestibility and broiler performance during 0-21 days of age, and
2) to validate the AMEn of SPN estimated in a previous experiment.

MATERIALS AND METHODS
Bird husbandry and management
This research were conducted under the supervision of the North Carolina State
University Animal Care and Use Committee (IACUC), which has adopted the Animal Care
and Use Guidelines governing all animal used in experimental procedure (Federation of
Animal Science Societies, 1999).
The effects of feeding graded levels of SPN on apparent nutrient digestibility and
broiler chicks performance was evaluated by a completely randomized design experiment.
Three-hundred-sixty 1-d-old male (Ross 308)3 broiler chicks were assigned to one of 5 cornsoy diets: a negative control diet (NC) formulated at 85% of NRC (1994) recommendations
for amino acids; and four diets formulated at 100% of NRC (1994) recommendations for
amino acids containing either 0, 7.5%, 15%, and 20% SPN (Table 1). The experimental diets
were formulated based on lysine requirement of broiler starter as recommended by NRC
(1994) and the rest of amino acid requirements were calculated according to ideal protein
recommendations for broilers (Baker et al, 1994). All experimental diets were calculated to
3

Aviagen, Huntsville, Alabama
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be isonitrogenous and isocaloric except for the negative control diet, which contained the
same level of metabolizable energy but with crude protein levels at 85% of NRC (1994)
recommendations. Acid insoluble ash (CeliteTM) was added at 1.5 % in all experimental diets
as an ingestible reference marker for the determination of AMEn, AFD and ANR. Each
dietary treatment was subjected to 6 replicate pens containing 12 birds each. Birds were
placed in Petersime battery brooder cages and housed in a temperature-controlled room until
they were 21 days of age. Feed and water were fed ad-libitum through out the experiment.
Individual body weights and pen feed consumption were recorded at 0, 7, 14 and 21 days of
age, and periodic and cumulative feed/gain (FCR) were calculated. Mortality rate and cause
were recorded as it occurred.
Sample collection and laboratory analysis
Excreta collection. Excreta were collected at 24-hour intervals and pooled for 3
consecutive days to evaluate the apparent nutrient digestibility of the experimental diets.
Excreta collections were carried out from 19 to 21 d of age. Approximately 200 grams of
clean (free of feed and visible feather contaminants) representative samples of excreta were
collected once daily from the stainless steel collection trays placed under each pen. Excreta
of each replicate pen was pooled over the 3-day collection periods and added cumulatively to
four-liter polyethylene bags and stored at -20 C until analysis.
Sample analysis.

Prior to analysis, the frozen excreta was allowed to defrost

overnight at room temperature. Approximate 200 grams of representative excreta from each
pen was then blended4 with 100 ml water, resulting in a slurry consistency. The excreta
slurry was then adjusted to pH < 5.4 by the addition of sulfuric acid (0.1N)5 to prevent

4
5

Waring® Commercial Blender Model 31BL92, Waring Commercial, New Hartford, CT 06057
Fisher Scientific, Fairlawn, NJ 07410
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volatilization of nitrogen during overnight drying in a forced-air convection oven6 at 70°C.
Dried excreta was then ground in a blender6 and stored in polyethylene storage bags7 at 20°C until removed for analysis. Moisture content of dried excreta was determined by drying
~5 g of pre-dried excreta at 105°C for 16-18 hours in a forced-air convection oven6. Gross
energy content of feed and excreta were measured by adiabatic oxygen bomb calorimeter8.
Acid insoluble ash recovery was performed using the method described by Vogtmann et al
(1975). The nitrogen content of all excreta and feeds were determined using a Kjeldahl
automatic analyzer9 (Kjeldahl method; AOAC, 1984). Fat content was analyzed according to
the method described by Folch et al. (1957).
The analytical data were used to calculate nitrogen corrected apparent metabolizable
energy (AMEn) (Equation 1) per gram of diet on a dry matter basis, using a nitrogen
correction factor of 8.22 cal/g N retained (Hill and Anderson, 1958 and Hill et al., 1960)
(Appendix 1):
AMEn/ g feed = GE/g feed – E/g feces (Celite™ adjusted) – N correction…….(1)
Apparent nitrogen retention (ANR%) and apparent fat digestibility (AFD%) were then
calculated according to the following equations (Appendix 2):
ANR (%) =

N retained / g diet × 100% .…………………………………......(2)
N / g diet

AFI (%) =

Fat retained / g diet × 100% ………………………………....….(3)
Fat / g diet

The calculated AMEn, ANR, and AFI of experimental diets were used to calculate AMEn,
ANR, and AFD of SPN material according to the following equations:
6

Blue-M, Model # DC-326F, Serial# DC-509, Blue M, Atlanta, GA
Ziplock™, Freezer Bags, Dow Brand L. P., Indianapolis, IN 46268
8
IKA Calorimeter System C5000 Control, IKA® Werke Labortechnik, Staufen, Germany
9
KJECTEC Auto 1030 Analyzer, Teca, Sweden
7
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AMEn of SPN = (AMEn of SPN diet – (AMEn of basal diet × 0.8) …....…. ..(4)
0.2
ANR of SPN = (ANR of SPN diet – (ANR of basal diet × 0.8)……….....….(5)
0.2

AFD of SPN

= (AFD of SPN diet – (AFD of basal diet × 0.8) …….......….(6)
0.2

Plasma 25-hydroxyvitamin D analysis. At the end of the experiment, the level of plasma
25-hydroxyvitamin D (25-OH-D) was determined to evaluate the vitamin D status of the
broilers in each treatment group. Blood samples (1.5 ml) of two representative birds from
each pen were collected by cardiac puncture into heparinized tubes. All blood samples were
centrifuged for 15 minute at 760 × g to obtain plasma with no evidence of hemolysis. The
plasma was stored in plastic vials at -20°C until analysis. One day prior to analysis, blood
samples were thawed in at 4o C. Plasma 25-OH-D of all samples was determined by a
commercially available, Food and Drug Administration-approved, radioiodine (125I) based
RIA kit10. The methods were performed as directed by the manufacturer’s product inserts.
The extraction used labeled 12 × 75 mm disposable borosilicate glass tubes11 for total
counts, each 25-OH-D standard, 25-OH-D control, and plasma samples. Acetonitrile12 (500
µl) was added to each tube, and then standard, control or sample was added by placing the
pipette tip containing 50 µl of each solution below the surface of acetonitrile and slowly
adding into it, followed by vortexing 10 sec. The mixture was centrifuged at 1200 × g for 10

10

Diasorin, Stillwater, MN 55082-0285
Fisher Scienctific, Fairlawn, NJ 07410
12
Fisher Scienctific, Fairlawn, NJ 07410
11
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minutes at 20-25°C.

Duplicate 25 µl aliquots from the supernatant were pipetted into

separately labeled 12 × 75 mm disposable tubes. Prior to the assay, all reagents and samples
were equilibrated to room temperature. Fifty µl of I125-labled 25-OH-D radioactive tracer
was added into all tubes. Twenty-five µl of extracted standard, controls and plasma samples
was added into designated tubes. One ml of NSB/addition buffer was added to NSB tubes
and tubes for the total counts. One ml of 25-OH-D antiserum was added to each tube except
for NSB tubes and tubes for total counts. After thorough mixing and 90 min of incubation at
20-25°C, 500 µl Donkey Anti-Goat (DAG) precipitating complex was added to all tubes
except for the tubes for total counts. The tubes were all mixed well and incubated for 25
minutes at 20-25°C. Then NBS/addition buffer13 was added to all the tubes except for total
counts and NBS. Samples were centrifuged at 1800 × g for 20 min, the supernatant were
decanted, and each tube was counted in the gamma well-counting14 system for 1 minute or
longer.

Standard curves were obtained by plotting the extent of binding against the

concentration of the calibration standard on a linear or logarithmic scale.
Proximate analysis
Representative samples of all experimental diets were submitted to the North Carolina
Department of Agriculture Forage Testing Laboratory (Raleigh, NC) for the analysis of crude
protein, crude fat, ash and mineral content (Association of Official Analysis Chemists, 1984).

13

Phosphate-gelatin buffer containing 0.1% sodium azide, which serve both as the NSB buffer and the addition
buffer
14
Cobra II Auto Gamma Counter 101099, Packard Inc, Norwalk, CT
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Statistical Analysis
Analysis of variance of all data was subjected to regression analysis using the General
Linear Model (GLM) of SAS (SAS, 1996). Treatment effects were considered to be
significantly different at p <0.05. Variables having a significant F-test were compared using
the least square means function of SAS (SAS, 1996).

All percentage data from both

experiments were subjected to arcsine transformation to normalize the data distribution
before statistical analysis.

RESULTS AND DISCUSSION
Proximate Analysis. The effects of dietary SPN inclusion level on the nutritional
composition of experimental diets are shown in Table 2. The highest dry matter content was
observed in the PC diet (p <0.01). Dry matter content of the diet containing 7.5% SPN was
not significantly different from the negative control diet, but it was significantly lower than
the 15% and 20% SPN diets. Crude protein contents of all experimental diets obtained from
proximate analysis were approximately 1-2% higher than those obtained from calculated
analysis. However, as expected, the negative control diet contained the lowest concentration
of crude protein as it was formulated at only 85% of NRC protein requirement (p = 0.0732).
Other experimental diets contained similar levels of crude protein.
Dietary crude fat content reflected the formulations to maintain similar caloric content
among the experimental diets. Crude fat content of all SPN containing diets was higher than
the NC or PC diets. Because of SPN was determined in a previous study to have a relatively
low metabolizable energy level (1650.37 kcal/kg), poultry fat was added to the respective
diets to achieve isocaloric diets.
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The mineral content of the experimental diets reflected the mineral content of SPN.
There was no effect of dietary SPN inclusion level on the calcium and phosphorus content of
experimental diets. In contrast, iron content of the experimental diets increased as the dietary
inclusion level of SPN increased. The high iron content in SPN originated from the use of
the iron sulfate flocculating agent used during the wastewater pretreatment process of DAF
prior to SPN production.
Apparent nutrient digestibility.
Apparent nitrogen retention (ANR) is a measure of dietary protein digestion and
utilization. ANR was highest in birds fed the PC diet and the lowest levels of ANR (p< 0.05)
were observed in the 20% SPN group (Table 3). ANR decreased quadratically (p <0.01) as
the dietary inclusion of SPN increased, indicating the significantly lower availability of
protein from SPN. The ANR value of the NC group was intermediate between the 15% and
20% SPN groups. Although the NC was a corn-soy diet, it was formulated to contain only
85% of NRC protein requirements (16.68% CP), contributing to the lower ANR observed in
the NC group.
The reduction in protein availability as the inclusion level of SPN increased in the
experimental diets could have been the result of heat damage during the cooking of the DAF
and drying process of the SPN. Heat processing has been reported to destroy heat labile
amino acids, such as lysine and the sulfur containing amino acids methionine and cystine
(Ford and Salter, 1966). The loss in nutritional value of protein after thermal processing
could be the result of protein restructuring that changes the rate or extent of enzyme
hydrolysis and subsequently impairs digestibility (Ford, 1973).
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Protein and amino acid destruction could also have been exacerbated by the lipid
oxidation of SPN. Lipid oxidation products can form hydrogen bonds with protein, causing
changes in protein digestion and availability (Crawford et al. 1967). Hydroperoxides damage
protein directly by reacting to form insoluble products (Nielsen et al., 1986). The reaction of
oxidized lipids and their secondary products with protein results in cross-linking between
proteins as well as destruction of lysine, tryptophan, and the sulfur containing amino acids
(Dugan, 1968).
As observed with ANR, AFD decreased quadratically (P <0.01) as the dietary
inclusion level of SPN increased (Table 3). Apparent fat digestibility of the 7.5% SPN diet
was not significantly different from the PC diet. Increasing the dietary level of SPN to 15%
in broiler diet resulted in significantly decreased AFD, but no further reduction occurred
when dietary SPN level increased above this level. The lowest AFD was observed in NC diet
(p <0.05), which contained less fat than the other experimental diets.

Moreover, the

reduction in feed intake due to the imbalanced protein:energy ratio of NC diet could have
lead to reduced fat intake and subsequent digestion and absorption.
The poor fat quality in the SPN product is the most likely explanation for the
significant reductions in AFD observed when dietary inclusion levels of SPN exceeded 15%
in the broiler diets. The high iron content further accelerated fat oxidation, leading to further
deterioration of fat quality. Moreover, high dietary level of free fatty acids (FFA) have been
shown to cause reduced fat absorption. As dietary levels of FFA increase in broiler diets,
secretion of endogenous bile and biliary phospholipids decreases and fat absorption becomes
less efficient due to an insufficient supply of monoglycerides in the intestinal lumen for
micelle formation and absorption (Sklan, 1979).
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Dietary inclusion of up to 15% SPN in broiler starter diets had no adverse effect on
AMEn, suggesting that the AMEn estimate of SPN material used to formulate the isocaloric
experimental diets was accurate. However, AMEn was significantly (p <0.05) reduced in the
diet containing 20% SPN (Table 3). As indicated by the ANR and ADF data, the SPN
material evidently contained a high level of damaged protein and fat that could not be utilized
as a source of metabolizable energy for broilers. This disadvantage became significantly
apparent when SPN was used at a relatively high inclusion level (20% of the diet). In
agreement, Wiseman and Salvador (1990) observed a reduction in AME of broiler diets
containing a high level of lipid hydrolysis and oxidation by-products. The reduction in
dietary energy value following hydrolysis was more pronounced with saturated fats,
especially among younger birds (Renner and Hill, 1961).
The lowest dietary AMEn (p <0.05) value was observed among birds consuming the
NC diet. Although the experimental diets were formulated to be isocaloric, dietary protein
deficiency evidently impaired energy utilization of chicks. Nieto et al. (1997) demonstrated
that dietary protein content can influence the efficiency of metabolizable energy utilization in
chickens. The values of energy retention, gross efficiency of energy utilization, and energy
retained as body protein was significantly lower (p <0.05), and metabolic body heat
production was significantly higher (p <0.05) for the chickens fed low protein diets. This
increased heat production was thought to be due to an increase in energy requirements for
maintenance and a sharp decrease in the efficiency of utilization of metabolizable energy of
growth.
Bird performance. The treatment effects on feed intake and body weight gain of
broilers were similar during all observation periods of experiment (Table 4, 5, 6, and 7).
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Feed intake decreased linearly as the dietary inclusion level of SPN increased
(p <0.01).

Overall, birds fed NC diet had significantly lower feed intake than those

consuming the PC diet (p <0.01), but FI was not significantly different from birds fed the diet
containing 7.5% SPN. The adverse effects of SPN on feed intake as the dietary inclusion
level of SPN increased could be partly due to poor palatability, bulkiness, or to poor nutrient
utilization of the SPN material. Regardless, the adverse effects of increasing dietary SPN
levels on feed intake resulted in a commensurate linear reduction in body weight gain during
0-7 days and 14-21 days of age (p <0.01). A quadratic reduction in body weight gain was
observed with increasing levels of dietary SPN during 7-14 days and 0-21 days of age (p
<0.01).
Feed conversion ratio measures the efficiency of utilization of feed intake nutrients
for body weight gain. If there would be a palatability problem associated with the dietary
inclusion of SPN, then feed intake and body weight would be compromised without effect of
feed conversion.

If FCR increased as dietary SPN level increased, then poor nutrient

utilization of SPN was more likely the compromising factor. During each observation period
(0-7 d, 7-14 d, and 14-21 d), FCR increased linearly (p <0.01) as the dietary inclusion level
of SPN increased (Tables 4, 5, and 6, respectively), although the degree of this response
differed among the measurement periods. During the entire experimental period (0-21 d),
FCR increased quadradically (p <0.01) as dietary SPN level increased, reaching a plateau at
SPN ≥ 15% SPN (Table 7). It is noteworthy that the NC and 7.5% SPN diet, formulated to
contain similar levels of digestible amino acids and metabolizable energy level, resulted in
similar FCR response. Therefore, the FCR results of the present experiment confirmed the
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accuracy of the digestible amino acid values of SPN estimated by % ANR determined in the
previous experiment.
When high levels of SPN were included in broiler diets, reductions in feed intake due
to poor in palatability was not the only mechanism explaining the poor growth of broilers.
Oxidized fat in SPN destroyed fat-soluble vitamins either in the feed and/or in the digestive
tract; reducing their availability.

Lipid oxidation by-products can form non-absorbable

polymers that may compromise lipid absorption (Kirk, 1979). They can also form crosslinkages with proteins, decreasing protein digestibility and amino acid utilization. Irritation of
intestinal mucosa by peroxides may also decrease the ability to absorb nutrients.
There was no significant effect of dietary treatment on mortality rate of broilers
during the first 2 weeks of experiment (Table 4 and 5). However, by 14 days of age birds
consuming the diets containing 15% and 20% SPN had noticeably poor mobility and
abnormal feathering.

Feed and water consumption in these treatment groups was

significantly reduced, resulting in poor growth and death of several individuals. The birds
fed the 20% SPN diet had a higher incidence of ricketic leg problems than those fed the 15%
SPN diet (14% vs 5%). All birds with leg problems in the 20% SPN group died during the
period of 14-21 d. These leg problems were confirmed to be rickets by evidence of poor
mineralization of the bone and the elongation of growth plate band with poor differentiation
of proliferating cells.
Plasma 25-hydroxyvitamin D.

In order to investigate the cause of the rickets

observed among the birds fed the higher dietary levels of SPN, Vitamin D status of the
broilers was estimated by measuring blood plasma levels of 25-OH-D from all birds at the
end of the experiment. There were no significant differences in plasma 25-OH-D levels
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observed among birds fed the NC, PC, and the 7.5% SPN diets; but plasma 25-OH-D
concentrations decreased linearly (p <0.01) as the level of SPN increased in the diet (Table
8). The lowest plasma 25-OH-D concentration was found among birds fed the 20% SPN diet
(11.136 ng/ml), which was 46% lower than those fed the of PC diet. Therefore the rickets
associated with high dietary inclusion levels of SPN were the consequence of vitamin D
deficiency, which impaired the absorption and utilization of dietary calcium and phosphorus.
Vitamin D is susceptible to destruction by oxidation. Because the experimental diets had
marginal antioxidant protection, significant losses of vitamin D had occurred.

The further

oxidation and deterioration of dietary vitamin D in the diets was likely accelerated by the
inclusion of high levels of SPN, which contained a high level of oxidized fats and iron
prooxidants (Dugan, 1986). In addition, the high level of free fatty acid in SPN could also
interfere with micelle formation and vitamin D absorption in the digestive tract (Sklan,
1979). All effects could reduce vitamin D availability and utilization and subsequently result
in a vitamin D deficiency in broilers.

CONCLUSION
Including high level of SPN (≥ 15%) in broiler diets caused a significant reduction in protein
and fat digestibility, contributing to lower dietary metabolizable energy. These detrimental
effects of SPN on nutrient availability were clearly indicated by the lower feed intake and
body weight gain and higher FCR as levels of SPN were increased in the diets. The similar
growth rate of birds from the NC and 7.5% SPN groups, which had the same level of
digestible amino acids and metabolizable energy, proved that the calculated apparent nutrient
digestibility of SPN estimated previously is acceptable.
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SPN not only contains low nutrient availability, but the oxidized fats in this material
can deteriorate valuable nutrients and cause detrimental effects on the growth and health of
broilers. The significant reduction in plasma 25-OH-D and the incidence of rickets observed
in broilers fed diet containing ≥ 15 % SPN further demonstrated the harmful effect of SPN on
nutrient availability of the diets. Therefore, dietary inclusion SPN above 7.5% is not
recommended in broiler diets. As reported by Freeman (2002), SPN may have a greater
value as a bypass protein for ruminants than as a protein source for monogastric animals such
as poultry and swine.
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TABLE 1. Ingredient composition of experimental diets

PC
59.03
29.87
0.00
5.25
1.92
1.41
0.44
0.20
0.10
0.20
0.09
1.50
100.00

7.5%
58.13
23.34
7.50
5.79
1.26
1.60
0.30
0.20
0.10
0.20
0.08
1.50
100.00

SPN1 (%)
15%
57.23
16.81
15.00
6.34
0.60
1.80
0.15
0.20
0.10
0.20
0.07
1.50
100.00

20.00
3199.00
7.72
2.21
1.11
0.95
0.42
0.37
0.79
0.64
0.76
0.66
0.26
0.22
1.00
0.45

20.00
3199.00
9.69
2.89
1.11
0.81
0.42
0.33
0.79
0.57
0.77
0.58
0.25
0.19
1.00
0.45

20.00
3199.00
11.67
3.59
1.10
0.69
0.42
0.29
0.79
0.50
0.79
0.49
0.23
0.16
1.00
0.45

20.00
3199.00
13.03
4.05
1.11
0.60
0.42
0.26
0.79
0.46
0.80
0.44
0.22
0.13
1.00
0.45

0.20
0.32

0.20
0.27

0.20
0.22

0.21
0.22

Ingredients
Corn
Soybean meal (48%)
SPN
Poultry fat
Dicalcium 18.5% P
Limestone
Salt
Mineral premix2
Vitamin premix3
Choline chloride (60%)
DL-methionine
Celite™ 4
Total

NC
68.69
21.15
0.00
4.16
1.95
1.43
0.44
0.20
0.10
0.20
0.07
1.50
100.00

Calculated Analysis
Crude protein, %
16.68
ME poultry (kcal/kg)
3199.00
Crude fat, %
6.93
Crude fiber, %
2.15
Lysine, %
0.93
Digestible lysine, %
0.81
Methionine, %
0.35
Digestible methionine, %
0.31
Methionine + Cystine, %
0.67
Digestible Met+Cys, %
0.51
Threonine, %
0.63
Digestible threonine, %
0.53
Tryptophan, %
0.2
Digestible tryptophan, %
0.17
Calcium, %
1.00
Non-phytate Phosphorus,
0.45
%
Sodium, %
0.20
Chloride, %
0.34
1

20%
56.36
12.67
20.00
6.75
0.16
1.93
0.08
0.20
0.10
0.20
0.06
1.50
100.00

Secondary Protein Nutrients, American Protein, Inc., Georgia
Supplies the following per kilogram of feed: zinc 120 mg; manganese 120 mg; iron 80 mg; iodine 2.5 mg;
cobalt 1 mg
3
Supplies the following per kilogram feed: vitamin A 6,600 IU; vitamin D3 200ICU; vitamin E 33 IU; vitamin
B12 19.8 µg; riboflavin 6.6 mg; niacin 55 mg; d-pantothenate 11 mg; menadione 2 mg; thiamine 20 mg;
pyridoxine 4 mg; biotin 126 µg; folic acid 1.1 mg
4
Celite™, Celite Corp., Lampar CA 93436
2
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TABLE 2. Nutrient composition (proximate analysis values) of experimental diets in experiment 2 (% Dry matter basis)
Dietary
Protein Level
85% of NRC
100% of NRC
100% of NRC
100% of NRC
100% of NRC

Dietary
SPN level
0
0
7.5%
15%
20%

Treatment Effect
SEM (5)7
SPN Level Effect
Linear
Quadratic
Significant Regression Equation
R2
abcde

DM1

CP2

CFat3

Ash

Ca4

P5

Fe6

89.66 c
92.13 a
89.97 c
90.67 ab
90.86 b

16.98 b
22.81 a
22.08 a
21.59 a
22.25 a

4.23 b
4.79 b
5.60 ab
6.43 a
6.25 a

6.91 e
8.37 d
11.15 c
13.31 b
15.01 a

1.38
1.26
1.35
1.26
1.26

0.65
0.76
0.69
0.62
0.52

308 d
519 d
1829 c
3954 c
4756 a

----------------------------------------------------- P-Value -------------------------------------------------------0.0004
0.0024
0.0354
<0.0001
0.4878 0.1705
<0.001
0.1415
0.5125
0.3782
0.3501
0.0568 0.0571
152.71

0.6772
0.5388

0.3103
0.1379

0.0011
0.3108
Y = 3.75 + .56X

<0.0001
0.9181
Y = 4.61 + 2.11X

0.7568

Means within the same columns with no common superscript differ significantly (p <0.05)
1
Dry matter (%)
2
Crude protein (%)
3
Crude fat (%)
4
Calcium (%)
5
Phosphorus (%)
6
Iron (ppm)
7
Pool standard error of the means with 5 degrees of freedom

0.9781

0.2027
0.7717

0.0849
0.0601

<0.0001
0.1475
Y = -1426.35 + 1233.25X

0.9360
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Table 3. Effect of feeding various levels of SPN1 on nutrient digestibility and broiler
performance during 0-21 days of age
Dietary
Protein Level
85% of NRC
100% of NRC
100% of NRC
100% of NRC
100% of NRC

Dietary SPN
Level
0
0
7.5%
15%
20%

Treatment Effect
SEM(25)5
SPN Level Effect
Linear
Quadratic
Significant Regression
Equation
R2
abcd

AFD2 (%)

ANR3 (%)

AMEn4
(kcal/kg)
c
c
60.94
53.536
2891.41 c
80.87 a
61.041 a
3173.51 a
a
a
80.29
60.660
3160.69 a
76.54 b
56.909 b
3157.25 a
b
d
48.105
2990.67 b
75.05
-------------------------------- P-Value -----------------------< 0.0001
< 0.0001
< 0.0001
2.8536
2.5430
64.3153

0.0041
<0.0001

0.0026
<0.0001

0.1928
<0.0001

Y = 42.23 + 14.11X
– 2.59X2

Y = 2579 + 98.57X
– 63.56X2

0.7881

0.7048

Y = 44.91 + 22.31X
– 3.35X2

0.6706

Means within the same columns with no common superscript differ significantly (p <0.01)
1
Secondary Protein Nutrients, American Protein Inc., Georgia
2
Apparent fat digestibility (%)
3
Apparent nitrogen retention (%)
4
Apparent metabolizable energy corrected for nitrogen retention (kcal/kg)
5
Pool standard error of the means with 25 degrees of freedom
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TABLE 4. Effect of feeding various levels of SPN1 on broiler performance during
0-7 days of age
Dietary
Protein Level
85% of NRC
100% of NRC
100% of NRC
100% of NRC
100% of NRC

Dietary SPN
level
0
0
7.5%
15%
20%

Treatment Effect
SEM (25)5
SPN Level Effect
Linear
Quadratic

BW gain2

Total FI3

FCR4

95.97 b
121.28 b
1.27 cd
0.00
133.96 a
1.18 d
1.39
114.01 a
94.458 b
127.43 b
1.35 bc
0.00
123.70 c
85.889 c
1.44 ab
0.00
d
d
a
1.54
1.39
111.23
72.30
--------------------------- P-Value -------------------------< 0.0001
0.0075
< 0.0001
0.5670
7.0904
9.7220
0.1088
0.0308

<0.0001
0.2310

0.0003
0.4478

<0.0001
0.3553

Significant Regression Equation

Y = 138.46 –
13.37X

Y = 149.24 –
7.18X

Y = 0.96 +
0.11X

R2

0.8717

0.4481

0.4863

abcd

% Mortality

Means within the same columns with no common superscript differ significantly (p <0.01)
Secondary Protein Nutrients, American Protein Inc., Georgia
2
Body weight gain (gram/day)
3
Total feed intake (gram/bird)
4
Feed conversion ratio
5
Pool standard error of the means with 25 degrees of freedom
1

1.000
0.1621
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TABLE 5. Effect of feeding various levels of SPN1 on broiler performance during
7-14 days of age
Dietary
Protein Level
85% of NRC
100% of NRC
100% of NRC
100% of NRC
100% of NRC

Dietary SPN
level
0
0
7.5%
15%
20%

Treatment Effect
SEM (25)5
SPN Level Effect
Linear
Quadratic

BW gain2

Total FI3

FCR4

212.63 b
329.94 b
1.55 cd
0.00
276.44 a
389.13a
1.41 d
1.52
208.92 b
340.69 b
1.63 bc
0.00
155.81 c
281.99 c
1.81 ab
0.00
d
d
a
215.90
1.99
3.03
108.33
--------------------------- P-Value -------------------------< 0.0001
< 0.0001
< 0.0001
0.3186
11.1245
27.9897
0.1583
0.0224

0.0001
0.0238

<0.0001
0.4034

<0.0001
0.7648

Significant Regression Equation

Y = 437.61 –
90.83X +
5.01X2

Y = 509.36 –
57.83X

Y = 1.03 +
0.19X

R2

0.9777

0.8778

0.5344

abcd

% Mortality

Means within the same columns with no common superscript differ significantly (p <0.01)
1
Secondary Protein Nutrients, American Protein Inc., Georgia
2
Body weight gain (gram/day)
3
Total feed intake (gram/bird)
4
Feed conversion ratio
5
Pool standard error of the means with 25 degrees of freedom

0.0896
0.7844
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TABLE 6. Effect of feeding various levels of SPN1 broiler performance during
14-21 days of age
Dietary
Protein Level
85% of NRC
100% of NRC
100% of NRC
100% of NRC
100% of NRC

Dietary SPN
level
0
0
7.5%
15%
20%

Treatment Effect
SEM (25)5
SPN Level Effect
Linear
Quadratic

BW gain2

Total FI3

FCR4

295.56 b
562.22 b
1.93 bc
0.00 b
394.03 a
650.53 a
1.65 c
0.00 b
b
b
bc
313.60
550.39
1.78
0.00 b
225.83 c
456.40 c
2.03 b
0.00 b
d
d
a
352.03
2.644
14.27 a
136.39
----------------------------- P-Value -----------------------< 0.0001
0.0075
< 0.0001
< 0.0001
34.5736
9.7220
0.3000
0.0257

<0.0001
0.7185

<0.0001
0.8929

<0.0001
0.0727

Significant Regression Equation

Y = 568.70 –
86.66X

Y = 848.65 –
98.94X

Y = 0.90 +
0.32X

R2

0.9201

0.9062

0.5037

abcd

% Mortality

<0.0001
<0.0001
Y = 27.82 –
20.68X + 3.56

Means within the same columns with no common superscript differ significantly (p <0.01)
Secondary Protein Nutrients, American Protein Inc., Georgia
2
Body weight gain (gram/day)
3
Total feed intake (gram/bird)
4
Feed conversion ratio
5
Pool standard error of the means with 25 degrees of freedom
1

0.8459

200

TABLE 7. Effect of feeding various levels of SPN1 on broiler performance during
0-21 days of age
Dietary
Protein Level
85% of NRC
100% of NRC
100% of NRC
100% of NRC
100% of NRC

Dietary SPN
level
0
0
7.5%
15%
20%

Treatment Effect
SEM (25)5
SPN Level Effect
Linear
Quadratic

BW
Total FI3
FCR4
% Mortality
at 21 d.
645.69 b
1013.44 b
1.68 c
0.00 b
a
a
d
827.42
1173.61
1.50
2.78 b
659.29 b
1018.51 b
1.66 c
0.00 b
c
c
b
509.11
862.09
1.85
0.00 b
d
d
a
364.55
679.16
2.11
18.06 a
---------------------------- P-Value ------------------------< 0.0001
< 0.0001
< 0.0001
< 0.0001
47.5176
59.3668
0.0541
4.1388

<0.0001
<0.0001

Significant Regression Equation

Y = 548.08 +
183.92X –
45.33X2

R2

0.9386

abcd

<0.0001
0.5380

< 0.0001
0.0001

Y = 1507.26
– 163.97X

Y = 1.86 +
0.27X –
0.06X2

0.9271

0.0022
<0.0001
Y = 46.45 –
31.87X +
5.20X2

0.7123

Means within the same columns with no common superscript differ significantly (p <0.01)
1
Secondary Protein Nutrients, American Protein Inc., Georgia
2
Body weight gain (gram/day)
3
Total feed intake (gram/bird)
4
Feed conversion ratio
5
Pool standard error of the means with 25 degrees of freedom

0.7199
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TABLE 8. Plasma 25-hydroxyvitamin D1 concentrations of broilers fed diets containing
various levels SPN2
Dietary
Protein Level
85% of NRC
100% of NRC
100% of NRC
100% of NRC
100% of NRC

abcd

Dietary
SPN level
0
0
7.5%
15%
20%

Treatment Effect
SEM (52)3

Plasma 25-hydroxyvitamin D
(ng/ml)
25.529 a
24.008 a
22.064 a
13.438 b
11.136 b
----------------- P-Value --------------< 0.0001
4.9262

SPN Level Effect
Linear
Quadratic

<0.0001
0.5296

Significant Regression Equation
R2

Y= 30.93 – 3.89X
0.5296

Means within the same columns with no common superscript differ significantly (p <0.01)
Plasma 25-hydroxyvitamin D (ng/ml) at 21days of age
2
Secondary Protein Nutrients, American Protein Inc., Georgia
3
Pool standard error of the means with 52 degrees of freedom
1
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Appendix 2
Equation to measure the apparent nitrogen corrected matbolizable energy (AMEn), apparent
nitrogen retention (ANR, %), and apparent fat digestibility (AFD, %) of broiler chickens.
ME/ g feed = [ GE/ g feed (DM basis) – ( Celite/ g feed ) ] × E/ g excreta ………….. (1a)
Celite/ g excreta

Where GE is the gross energy / g feed (DM basis), and E is the energy/ g of excreta. Dietary
ME values corrected to nitrogen equilibrium (MEn) were derived by the calculation using the
following equations (Hill et al., 1960).

MEn/ g feed = GE/g feed – E/g excreta (Celite adjusted) – N correction …….(1b)
Where N correction = N retained/ g diet × 8.22

Apparent nitrogen retention (ANR %) and apparent fat digestibility (AFD %) were calculated
based on DM basis according to equation 2 and 3, respectively.
ANR (%) = N retained/ g diet ×100 ………………………………………… (2)
N/ g diet
Where N retained/ g diet = [ G.N./ g feed – ( Celite/ g feed ) × G.N./g excreta ]
Celite/ g excreta

G.N. refers to gross nitrogen expressed in grams and obtained by Macro-Kjeldahl procedure
AFD (%) = Fat retained/g diet ×100 ………………………………………… (3)
Fat/g diet
Fat retained/ g diet = [ Fat/g feed – ( Celite/ g feed ) × Fat./g excreta ]
Celite/ g excreta
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SUMMARY
Increased public concern for the environment has created pressure on poultry industry
to minimize waste disposal into the environment. Commonly, poultry production wastes
originated from intensive farm production (manure, litter, and mortalities), and poultry
processing plant (blood offal, feather, protein and fat skimming). When particular waste
treatment practices seem compatible to the local environment, poultry producer is forced to
change that practice due to the public’s growing concern about future harmful effects of
certain long-term treatment techniques. As regulations tighten, the cost of processing wastes
increase sharply. This forces poultry producer to seek for a more efficient, economical and
biologically safe method for poultry disposal.
On-farm preservation method is an effective method to preserve the nutrient quality
of poultry carcasses, which can be further recycled into valuable feed ingredients. It also
helps reduce costs of daily pick up and delivery of poultry mortality carcasses to rendering
facilities. Lactic acid fermentation has been used as an effective, safe, convenient, farmoperated process to preserve poultry mortality carcasses and recycle into valuable feed
ingredient. However, the bacteria responsible for fermentation also degrade proteins and
amino acids into breakdown products, such as ammonia and biogenic amines, which can
adversely affect animals if inclusion levels of fermented products are too high in the diets.
Direct acidification of ground poultry mortality using feed-grade phosphoric acid
(H3PO4) was found to be a feasible alternative to lactic acid fermentation to prevent
microbial spoilage and preserves protein quality of poultry carcasses. The supplementation
of antioxidant (ethoxyquin) to poultry mortality silage preserved by feed-grade phosphoric
acid was also found to improve lipid stability with no effect on protein quality. However,
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feed-grade phosphoric acid contains a high mineral content, which may adversely affect the
lipid quality of animal protein silages. The use of a demineralized source of phosphoric acid,
food-grade phosphoric acid, was found to be more effective in preserving both protein and
lipid quality of poultry mortality carcasses.
In addition to poultry mortality, the disposal of dissolved air flotation (DAF) sludge,
the biosolids waste material recovered from the wastewater pretreatment systems in poultry
processing plants has also been identified by the poultry industry as a high priority endeavor.
Since chicken DAF sludge has the components similar to whole poultry, a similar
preservation advantage was expected when phosphoric acid is applied to DAF as in the acid
preservation of ground poultry mortality carcasses.

Experiments described in this

dissertation were designed to 1) evaluate the effectiveness of direct acidification using
difference sources and levels of phosphoric acid on the protein and lipid quality poultry
mortality and DAF sludge and 2) to measure nutritional value of secondary protein nutrients
(SPN), a by-product meal derived from DAF sludge processing, for broiler chickens feeding.
In the first experiment, the effectiveness of direct acidification using different levels
of feed- and food-grade phosphoric acid in preserving protein and lipid quality of poultry
mortality were studied in comparison to lactic acid fermentation. During a relatively short
period of storage (<15 days), direct acidification by either feed-grade or food-grade
phosphoric acid was observed to be more effective than lactic acid fermentation in preserving
the protein and lipid quality of poultry silages. The conclusion was based on improved
stability of silage pH, significantly lower VN, total biogenic amines, and FFA concentrations,
and more resistance of fats to oxidation as indicated by higher OSI. For a longer period of
storage (45 days), food-grade phosphoric acid was observed to be more effective in
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preserving the protein and lipid quality of mortality silages than preservation by either direct
acidification with feed-grade phosphoric acid or by lactic fermentation. Regardless of the
duration of storage, food-grade phosphoric acid was a more effective in preserving protein
quality at a low level of acidification (2.76% phosphoric acid) than the feed-grade source, but
no significant differences were observed when higher levels of acidification were used
(>5.52%).
The second experiment studied the effect of direct acidification using different levels
of feed- and food-grade phosphoric acid on the protein and lipid quality of DAF sludge.
Food-grade phosphoric acid was observed to be more effective than feed-grade source in
stabilizing the pH (minimizing the degree of pH increase) of DAF silage. This advantage of
the food-grade phosphoric acid in improving pH stability of DAF silage was primarily due to
its low iron content. Regardless of acid source, direct acidification using ≥5.52% phosphoric
acid is an effective way to prevent the bacterial degradation and preserve protein quality of
DAF sludge, as indicated by no change in the VN level following 15 days of storage.
However, the significantly lower OSI value and high level of FFA of all acidified DAF
silages suggested that phosphoric acid preservation had little effect on improving the lipid
quality of DAF silages because extensive lipid oxidation had already occurred prior to the
DAF sludge being condensed. Further oxidation is therefore less likely to be inhibited by
subsequent acid preservation. For phosphoric acid preservation to be effective, fat oxidation
must be minimized during the process of DAF production, which is a significant challenge
considering the environment in which it is produced.
If it is not possible to maintain lipid quality during the production of DAF, then it
seems prudent to separate the lipid fraction from the water-soluble fraction containing protein
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and minerals. The oxidized lipid fraction could be used as biofuel for energy production, and
the water-soluble fraction can be further dehydrated into a product called Secondary Protein
Nutrients (SPN). This process is now commercially available, but the nutritional value of
SPN must be evaluated before it can be effectively utilized as a feed ingredient for livestock
and poultry. Thus the objective of the next two experiments were to first determine the
nutrient content and apparent nutrient digestibility of SPN, in broiler chickens, and then
validate these estimates and determine the amount of SPN that can be included in the diet of
broilers before adverse effects on growth and health are observed.
Experiment 3 was specifically designed to determine the AMEn, ANR and AFD of
SPN so that it can be subsequently evaluated as a feed ingredient in a practical diet balance
for digestible nutrients. Concurrent with this evaluation, however, it was also necessary to
determine the optimum indigestible marker to evaluate apparent digestibility of diets
containing different levels of SPN for broilers. Therefore the accuracy and precision of
nutrient digestibility estimates was compared for two indigestible markers that pose lower
laboratory safety risk that Cr2O3, which is typically used in digestibility trials in poultry.
Celite™ (1.5% of diet) and Titanium dioxide (0.5% of diet) was simultaneously added to all
experimental diets and recovery in feed and excreta was compared by Acid Insoluble Ash
(AIA) assay and a colorimetric titanium assay, respectively.

Significant differences in

apparent nutrient digestibility among the control and SPN-containing diet could be
distinguished by using either CeliteTM (AIA) or TiO2 as digestibility marker. However, the
use of CeliteTM as exogenous inert digestibility marker at 1.5% of diets showed higher
accuracy and precision in measuring nutrient digestibility of diet containing dietary SPN than
using TiO2 at 0.5% of the diet.

The calculated AMEn, ANR, and AFD of SPN material
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obtained from the use of Celite™ as digestibility marker were 1650.37 kcal/kg, 23.66%, and
12.60%, respectively. Based on these apparent nutrient digestibility values, SPN was used as
a feed ingredient of experimental diets in experiment four.
The fourth experiment was conducted to determine the nutritional value of SPN for
broilers after accounting for its AMEn value and nutrient digestibility. Broilers were fed
isocaloric and isonitrogenous diets containing increasing levels of SPN from hatch until 21
days of age, and their growth performance and health status were evaluated.

Nutrient

digestibility was also measured using Celite™, determined in experiment 3 to be the most
effective digestibility marker in the experimental diets. The inclusion of over 15% SPN in
broiler diets resulted in a significant reduction in protein and fat digestibility and subsequent
lower energy availability for broilers.

These detrimental effects of SPN on nutrient

availability were clearly indicated by the lower feed intake and body weight gain, and higher
FCR as dietary inclusion of SPN increased. The similar growth performance was observed
among birds fed the NC diet (formulated at 85% of NRC recommendation for amino acids)
and those fed a diet containing 7.5% SPN, because these two diets contained the same level
of digestible amino acids and metabolizable energy. SPN can be added up to 7.5% of the diet
without resulting in palatability or toxicology problems. However, palatability problems and
toxicology effects became apparent as the dietary inclusion of SPN increased above 7.5%.
The detrimental effect of SPN on broiler performance resulted not only from its
inferior nutritional value, but the oxidized fat residue in SPN caused palatability and
toxicological problems. Apparently, the process of producing DAF resulted in a high degree
of fat oxidation. Even though much of the lipid fraction was separated to manufacture SPN,
there was still a significant amount of oxidized lipid residue left to cause problems for
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poultry.

Lipid oxidation deteriorates and reduces the availability of nutrients such as

essential fatty acids, fat –soluble vitamins A, D, and E. The apparent destruction of vitamin
D by oxidation was clearly evident by the appearance of rickets in broilers fed the diet
containing the high level of SPN. Oxidized lipid and their secondary products can also
interact with protein and selected amino acids and cause the reduction in their availability.
Oxidative changes may give rise to altered water-binding capacity and hydration of the
protein and lead to the formation of protein-lipid complexes. In addition, the Schiff base
formation between amino groups of lysine and other free amino groups caused by lipid
oxidation could lead to the reduction in the availability of these amino acids (Crawford, et al.,
1967, Neilsen et al., 1985).

All of these possible effects could contribute to the low

nutritional availability of SPN for broilers. However, this material is found to be more
suitable as a source of by-pass protein in ruminants, since SPN can be used to substitute 50%
of soybean meal with no detrimental effect on steer performance (Freeman et al., 2002).
In summary, direct acidification using feed- and food grade phosphoric acid was
found to be more effective than lactic acid fermentation in preservation protein and lipid
quality of poultry mortality during a storage period up to 15 days. Food-grade phosphoric
acid was a better preventive when used at low level of acidification and for a longer period of
storage (45 days). Phosphoric acid preservation was also an effective method to maintain
protein quality of DAF sludge, especially at 5.52% acidification level. However, this method
unsuccessfully preserved lipid quality of DAF sludge because extensive lipid oxidation had
already occurred prior to acid preservation. SPN, a meal derived form DAF sludge, contained
a high level of damaged fat and protein as indicated by its low nutrient digestibility.
Although a low dietary inclusion level (<15.%) of SPN will have minimal adverse effects,
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the inclusion of high levels of SPN will reduce nutrient availability in broilers. The oxidized
fat residue in this material also caused further destruction of other nutrients, which impaired
broiler performance and health.
recommended in broiler diets.

Therefore, the high inclusion levels of SPN are not

