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ABSTRACT
Methionine (Met) is considered the first limiting amino acid (AA) for broilers fed
a practical corn-soybean meal diet (Burley, 2012). The current limitation on synthetic
Met inclusion in organic poultry diets could lead to reduced bird growth and subsequent
economic losses (Fanatico, 2010). Therefore, the primary focus of this thesis was to
determine the nutritive value of Met-rich feedstuffs, namely high-Met corn (HMC),
triticale, naked oats (NO), lentils, de-hulled screw-pressed sunflower seeds meal (SSM),
Black Soldier Fly (BSF) prepupae meal, and post-extracted algae residue (PEAR) as well
as evaluate the feeding value of several selected ingredients, i.e. HMC, NO, BSF, and
PEAR in broilers. Results from these studies indicated that the most Met-rich feedstuffs
by ingredient type are NO [15.5% crude protein (CP) and 0.24% Met] as a plant energy
ingredient, SSM (48% CP and 1.04% Met) as a plant protein ingredients, and the BSF
prepupae meal (42.2% CP and 0.85% Met) as an unconventional ingredient, on an “as is”
basis.
This research consisted of three primary studies. First, a feeding and digestibility
trial demonstrated that NO could successfully replace corn as the major dietary energy
source in organic broiler diets with 0.1% lower synthetic Met supplementation. In
particular, supplementing 0.05% Rovabio Excel AP10 (R) [an organically approved
combination of 19 enzymes] alone (NO+R) or together with 0.025% Optiphos (O) [a
phytase] (NO+R+O) enhanced apparent ileal digestibility (AID) of CP (P < 0.0001) and
Met (P < 0.0001) in the organic naked oat based diets and improved 21 d body weight
gain (BWG), 10-21 d feed conversion ratio (FCR), overall BWG, and FCR, equal to that
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of the corn/soybean (CS) control. In the second study, a BSF prepupae meal was prepared
by washing, drying and grinding BSF prepupae fed a mixture of 80% hen manure and
20% kitchen waste. The effects of increasing dietary levels (0, 2, 4, and 6%) of BSF on
broiler performance were evaluated. Results indicated that BSF was a suitable nutrient
supplement for poultry due to its high CP (42.2%) and favorable AA profile (e.g. 0.24%
Met) by benefiting broilers at a moderate inclusion rate (4% BSF) to obtain optimal
growth and performance comparable to that of the CS diet; however, the high ash
(12.34%), and calcium (6.09%) contents need to be considered when formulating diets. In
the third study, the AID and true ileal digestibility (TID) of AA and jejunum digesta
viscosity of five HMC hybrids, i.e. Corn-F, Corn-V, Corn-614, Corn-6360, and Corn6150, and PEAR were determined in 35-d-old broilers to enable these ingredients to be
incorporated into organic poultry diets on a digestible AA basis. Among the corn hybrids,
the CP contents ranged from 9.12% for C-614 to 7.33% for Corn-F, and the crude fiber
(CF) contents ranged from 2.69% for Corn-F to 2.20% for both Corn-614 and Corn6150, on an “as is” basis, respectively. As for Met digestibility, results showed that CornF had the highest AID (72.59%) while Corn-6360 had the highest TID (107.33%). Postextracted algae residue was reported to contain 30.2% CP, 9.08% CF, 10.4% ash, 0.48%
Met, and 3.34% sodium, on an “as is” basis, respectively. The high AID of CP (90.13%)
were favorable; however, low AID of CF (18.65%) and Met (35.33%), and low TID of
Met (47.25%) indicated that the non-starch polysaccharides (NSP) in PEAR might
contribute to the high viscosity of the jejunum digesta (1.08 cPs) and the low CF and AA
digestibility. The current thesis adds more data to the understanding of naturally highMet feedstuffs as alternative strategies to synthetic Met for organic broiler production.
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Chapter 1
INTRODUCTION

BACKGROUND
Amino acids (AA), the building blocks of biological proteins (i.e. structural
proteins, metabolic proteins, enzymes, and precursors of some body components), play
critical roles in most physiological responses of poultry (Applegate and Angel, 2008;
Mehri, 2014). Thirteen out of the twenty-two AA found in body proteins are categorized
as the essential AA (EAA) according to the National Research Council’s (NRC) nutrient
requirements of poultry (NRC, 1994). Methionine (Met) is considered as an EAA
because it is critical to growth and production and cannot be biologically synthesized de
novo in the avian body (Brosnan and Brosnan, 2006). Methionine and cysteine (Cys) are
the two sulfur-containing AA (SAA) and are the major providers of organic sulfur within
the avian body (Aldrich, 2007).
Methionine is typically the first limiting AA for broilers and the second limiting
AA for laying hens when birds are fed on practical corn-soybean meal diets. If the NRC
requirement is not met, poultry production efficiency is greatly reduced with major losses
in growth and production, especially breast meat in broilers and egg size in laying hens
(Fanatico, 2010; Jankowski et al., 2014; Wen et al., 2014). Therefore, synthetic Met and
Met hydroxyl analogue and its calcium salt are commonly added in poultry feed to meet
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dietary recommendations and each are generally recognized as safe by the Food and Drug
Administration (FDA) (21 CFR 582.5475-5477) (FDA, 2015).
In the United States, synthetic Met was limited for use in organic poultry feeds to
4, 5, and 6 lbs per ton for laying hens, broilers, and turkeys and other poultry,
respectively, by the United States Department of Agriculture (USDA) National Organic
Program (NOP) on March 15, 2011 [7 CFR 205. 03 (d)(1)] (USDA, 2011). After
October 2, 2012, the allowed levels were further restricted to 2, 2, and 3 lbs per ton for
laying hens, broilers and turkeys and all other poultry, respectively according to the final
rule [7 CFR 205. 603(d)(1)] (USDA, 2012). For organic producers, the current limitation
and potential ban of synthetic Met by October 2, 2017 in accordance with the Organic
Foods Production Act (OFPA) provision for its sunset on the National List of allowed
and prohibited substances [7 U.S.Code 6517 (e)] could lead to reduced bird growth and
subsequent economic losses (Fanatico, 2010; USDA, 2015).
Alternative organic strategies to meet Met requirement with restricted allowance
of dietary synthetic Met have been proposed, including:
1) Genetic selection of broiler breeds (Fanatico et al., 2006).
2) Alternative diet formulation and feeding strategies, i.e. diet formulation, choice
feeding and foraging (Blair, 2008; Fanatico, 2010; Burley, 2012).
3) Utilization of organic approved Met-rich feedstuffs as alternatives to conventional
feedstuffs (Fanatico, 2010; Burley, 2012).
4) Development of naturally fermented Met (Fanatico, 2010; Willke, 2014).
5) Supplementation of organic approved microbial prepared enzymes (Blair, 2008).

3

In order to demonstrate if these organic alternatives are available, sustainable or
practical to effectively replace synthetic Met in organic broiler diets without sacrificing
production or profitability, the following aspects have to be evaluated:
1) To evaluate the availability and sustainability of Met alternatives consistent with
the NOP regulations, i.e. natural (non-synthetic) substances and approved
synthetic substances on the National List of Allowed and Prohibited Substances
and commercially available on the market (Burley, 2012; USDA, 2015).
2) To evaluate whether organic approved alternatives support poultry growth and
production equal to those fed synthetic Met by determining growth and meat yield
in broilers (Burley, 2012).
3) To evaluate the nutrient retention of the organic approved Met-rich feedstuffs and
their potential for lowering bird nitrogen excretion by determining the apparent
ileal digestibility (AID) and true ileal digestibility (TID) of Met and other AA of
the feedstuffs (Burley, 2012).
4) To evaluate the economic feasibility of using the organic approved alternatives
compared to the high crude protein (CP) diets (Burley, 2012).

HYPOTHESIS
Utilizing organic approved Met-rich ingredients instead of conventional feedstuffs
as the energy or protein component of the diet with or without application of organic
approved microbial prepared enzymes in the broiler diets can support organic broiler
growth and production equal to those fed synthetic Met.
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OBJECTIVES
The primary focus of this research project was to determine the nutrient values
and economic feasibility of organic approved Met-rich feedstuffs for growth performance
and production of broilers compared to those fed synthetic Met.
1) To determine if utilizing naked oats as the major energy source in broiler diets
with the supplementation of enzymes could support broiler growth, feed
conversion, processing yields without the use of dietary synthetic Met in a
cost effective manner.
2) To evaluate the nutrient value of the Black Soldier Fly (BSF) prepupae meal
and its potential to be used as a protein source in organic broiler production in
a sustainable way.
3) To determine the AID and TID of protein and AA in algae and different high
Met corn varieties, thereby establishing valuable data for further broiler diet
formulation with reduced or no synthetic Met supplementation.
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Chapter 2
REVIEW

METHIONINE OVERVIEW
Methionine (Met) was first isolated from casein and described by Mueller in 1923
and since then much work has been done to study the importance of Met in animal feed
and food (Mueller, 1923). Methionine is categorized as an essential amino acid (EAA)
because it cannot be biologically synthesized in the avian body and it is critical to
maintain health and maximize productivity of poultry (i.e. optimal body weight gain and
egg production) (Applegate and Angel, 2008). Therefore, it must be sufficient in the diet
to provide the building blocks of immune cells and tissues as well as support feathering
development in poultry (Baker, 2009; Fanatico, 2010). High levels of Met can be found
in eggs, sesame seeds, Brazil nuts, fish meal, corn gluten meal, alfalfa meal, and
sunflower seeds meal (Blair, 2008; Fanatico, 2010; Burley, 2012). However, naturally
occurring Met is limited in most sources of plant protein and it is considered the first
limiting amino acid (AA) for broilers and the second limiting AA for laying hens in a
typical corn and soybean based diet (Blair, 2008).
Due to the fact that Met serves as the precursor of cysteine (Cys), and Cys
requirement can be provided by Met, they are often considered together when
formulating diets as total sulfur amino acids (TSAA) and are the major providers of
organic sulfur within the avian body (Fanatico, 2010). Baker and Dilger (2008) found
that excess Cys supplementation (at or above 50% of the TSAA requirement) in TSAA
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deficient diets can cause reduced feed intake, growth, and feed conversion efficiency.
During the catabolism of Met and Cys, sulfur is converted into sulfate that plays a critical
role in support of connective tissues (NRC, 1994; Burley, 2012). Plavnik and Bornstein
(1977) demonstrated that inorganic sulfate could have a minor sparing effect on Met
requirement by substituting about 0.05% supplemented Met in a moderate Met-deficient
diet. Cysteine is mainly present in structural proteins such as collagen or keratin in skin,
hair, feathers and nails respectively (Willke, 2014). Cysteine is commonly available in
two forms cysteine, and as cystine, which is comprised of two bonded cysteines. Both
AA forms can support animal growth equally when provided in a Cys-deficient and Metadequate diet (Dilger and Baker, 2007).
In the United States, 75% of the TSAA requirement in the poultry diet is met by
dietary feedstuffs, and the remaining 25% is normally supplemented as synthetic Met
(Fanatico, 2010). Currently, synthetic Met is the only synthetic AA allowed in organic
poultry diet with 2, 2, and 3 lbs per ton for laying hens, broilers, turkeys and other
poultry, respectively (USDA, 2015a). In 2013, for livestock production, the world market
for chemically produced DL-methionine amounted to over 600,000 tons/ year (Willke,
2014). There is a high demand for synthetic Met in conventional and organic poultry
production, however, some organic enthusiasts want to eliminate synthetic Met with the
current inclusion rate by October 2, 2017 (USDA, 2015a). This will require exploration
of Met-rich feedstuffs (Burley, 2012).
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Function and Metabolism
Methionine with an empirical formula of C5H11NO2S is a sulfur-containing EAA.
The molecular structure of Met is shown as Figure 2-1. Methionine is asymmetric,
forming both L- and D-enantiomers. The molecular structure of racemethionine is shown
as Figure 2.2. Methionine is typically found as a white crystalline powder.
In the avian body, metabolism of Met plays a critical role in many physiological
processes (Figure 2-3). Specifically, Met is mainly used to facilitate methyl transfer
reactions by first converting to its active form as S-adenosylmethionine (SAMe) by (1)
methionine adenosyltransferase. Then SAMe can serve as a methyl-donor by giving up
its terminal methyl group in a variety of (2) methyltransferase reactions, which enable the
synthesis of choline, creatine, epinephrine, DNA, glutathionine, lipoic acid and many
other essential compounds (Rack, 2008). Once SAMe has donated its methyl group, it is
irreversibly converted to S-adenosylhomocysteine (SAH). (3) Adenosylhomocysteinase
converts SAH to homocysteine (HCys). Then there are two fates of HCys; it is either
transsulfurated to Cys or remethylated to Met in Met metabolism (Finkelstein, 1990).
Under the action of (4) Cystathionine 𝛽-Synthetase, HCys combines with serine
to create a molecule of cystathionine, which is broken down to a molecule of Cys and a
molecule of ∝-ketobutyrate via (5) cystathionine-𝛾-lyase (Burley, 2012). A co-factor of
vitamin B6 in the form of pyridoxal phosphate is required in these two reactions. Then the
∝-ketobutyrate generated by this pathway is converted through several steps to
propionyl-CoA via (6) ∝-ketoacid dehydrogenase. Then propionyl-CoA is metabolized to
succinyl-CoA, which can enter the Citric Acid Cycle to generate energy. Two molecules
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of the regenerated cystine will form a single molecule of cystine, a structural component
of keratin, the major protein of hair, skin, nails, and feathers.
Alternatively, HCys can be remethylated to Met from N5- methyl-tetrahydrofolate
via (8) methionine synthase with vitamin B12 as a cofactor (Finkelstein, 1990; Pillai et al.,
2006). Homocysteine can also be remethylated to Met from betaine (after its formation
from oxidation of choline) via (10) betaine-homocysteine methyltransferase (E.C.2.1.1.5,
BHMT) (Finkelstein, 1990; Pillai et al., 2006).
Methionine can serve as the precursor of Cys and thus the TSAA requirement can
be provided by Met according to the Met transsulfuration pathway (Finkelstein, 1990;
Burley, 2012). In contrast, Finkelstein (1990) has indicated that cystine or cysteine does
not serve as the precursor of Met since the Met transsulfuration pathway is irreversible.
However, Finkelstein et al. (1988) demonstrated that Cys could replace some Met used in
the transsulfuration pathway, known as the Met-sparing effect of Cys. To investigate the
Met-sparing effect of Cys, most previous work has been replacement trials in which Met
was replaced by the same amount of Cys (Graber and Baker, 1971; Wheeler and
Latshaw, 1981; Baker et al., 1996).
However, these studies on the Met-sparing effect of Cys were limited because an
increase in dietary Cys and a decrease in dietary Met could result in an increase in dietary
organic sulfur at the same concentration of TSAA, which means Met-sparing trials might
change the amount of organic sulfur in TSAA (Chung and Baker, 1992). This was
supported by studies with supplementation of Cys at greater than 50% of the TSAA
requirement in TSAA deficient diets could reduce feed intake, growth, and feed
conversion efficiency (Dilger et al., 2007; Baker and Dilger, 2008). Therefore, in order to
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obtain optimal growth rate and feed conversion efficiency, Met and Cys have to be
considered together as TSAA with Met: Cys to be 60:40 (Baker and Dilger, 2008).
In addition, researchers also investigated the Met-sparing effect of choline and
betaine, and demonstrated that when Met was deficient but methyl donors (choline or
betaine) were adequate in the diet, Cys supplementation led to an increase in activity of
(10) betaine-homocysteine methyltransferase in animal liver (Finkelstein and Martin,
1986; Emmert et al., 1996) and a decrease in activity of (4) cystathionine synthase in
animal liver (Finkelstein and Martin, 1986), which might have caused more HCys to take
part in the remethylation rather than the transsulfuration pathway. In a study by Pillai et
al. (2006), it was demonstrated that addition of DL-Met (0, 0.07, 0.11, and 0.24%) in
diets adequate in choline and deficient in SAA (0.25% digestible Met, 0.26% digestible
Cys) had no effects (P > 0.05) on HCys remethylation in 22-d-old broilers. However,
addition of choline (0.25%) or betaine (0.28%) to diets containing deficient or excess
levels of Met increased (P < 0.05) HCys remethylation through the Met synthase
pathway.

Requirement of Broilers
Amino acids are the building blocks of the proteins in the body and are typically
supplied in poultry diets in the form of intact plant or animal derived proteins (Burley,
2012). Ten out of the twenty-two AA found in body proteins are listed on the National
Research Council’s (NRC) Nutrient Requirements of Poultry as EAA, including arginine
(Arg), histidine (His), isoleucine (Iso), leucine (Leu), lysine (Lys), Met, phenylalanine
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(Phe), threonine (Thr), tryptophan (Try), and valine (Val) (NRC, 1994) . Specifically,
Met is considered as an EAA because it cannot be biologically produced in the avian
body to maintain health and optimized growth and production (i.e. weight gain and egg
production) (Baker, 2009; Fanatico, 2010).
Met is the precursor of Cys, and the Cys may have a minor sparing effect on Met
in Met-deficient diet (Fanatico, 2010). When formulating diets, nutritionists should pay
attention to the amount of Cys already in the diet and have a balance with Met (Met: Cys
60:40) (Baker and Dilger, 2008).

Ideal Protein Ratio
No single set of AA requirements applies to all birds under all dietary, age,
gender, and body compositional circumstances (Fernandez et al., 1994). The ideal protein
(IP) concept is to provide a blend of EAA that exactly meets the animal’s requirement for
protein accretion and maintenance without deficiencies or excesses (Leeson and
Summers, 2009). When considering the Met requirement, it is important to focus on Met
as well as a balanced profile of all the EAA (Applegate and Angel, 2008). Therefore, the
application of the concept of IP in feed formulation enables us to adjust the supply of
EAA (e.g. Lys, Met and TSAA) and non-EAA to the animals requirements for the
purpose of optimal performance and profitability and minimal environment impact (Kim
et al. 2006).
In poultry, the ideal AA ratios are expressed as percentages of digestible Lys,
which are based on the digestible AA requirements rather than total AA requirements.
Baker and Han (1994) and Emmert and Baker (1997) noted the reasons for selecting Lys
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as the reference AA are 1) in practical broiler diets, Lys is the second – limiting AA after
the TSAA, 2) the analysis of Lys in feedstuffs is relative simple and straightforward, 3)
considerable data for the digestible Lys needs of poultry are available, 4) absorbed Lys is
used only for protein accretion and maintenance, and 5) Lys requirement for a variety of
dietary, environmental, and body compositional circumstances are readily available.
According to the NRC (1994), 0.50, 0.38, and 0.32% total Met and 0.90, 0.72, and
0.60% total TSAA are required in fast-growing broiler diets (on a 90% DM basis) for the
starter (0-3 wk), grower (3-6 wk), and finisher (6-8 wk) phases, respectively. However,
the NRC (1994) lists the TAA requirement rather than digestible AA (Table 2-1). In plant
based feed ingredients, the AA content is not necessarily equal to the available AA
content due to common anti-nutritional factors (Blair, 2008).
The ideal AA ratio and digestible AA requirement for male and female broilers
fed a corn-soybean meal diet from 0 to 21 d of age are shown (Table 2-2). The ideal AA
ratios were expressed as percentages of Lys by Baker and Chung (1992). If the amount of
Lys is 100%, then the TSAA, Thr, Val and Arg are 72, 67, 77, and 93% of the amount of
Lys, respectively. The digestible AA requirements of male and female birds were
calculated based on the ideal ratios (Baker and Chung, 1992). The total AA requirement
of males and females were calculated from the average AA digestibility from Parsons
(1991) and the estimated digestible AA requirement (Parsons, 1991; Baker and Chung,
1992; Kim et al., 2006). For example, for male broilers during 0 to 21 d of age, the ideal
ratio of digestible TSAA to Lys is 72% of digestible Lys. If the digestible Lys
requirement is 1.12, then TSAA digestible requirement is calculated as 1.12 × 72% =

14

0.81. If the total TSAA requirement for male broilers is calculated based on the average
AA digestibility, it would be calculated as 1.12 ÷ 88% = 0.92.

Nutrient Balance, Feed Intake, and Temperature
Dietary AA requirements and the efficiency of AA utilization may be affected by
dietary energy and protein levels as well as other factors like vitamins and minerals
(NRC, 1994). Also, genetics, gender, age, immunological stress and extreme ambient
temperature affect physiological responses of poultry to dietary AA (Fanatico, 2010).
Like all animals, poultry require energy, protein, minerals, vitamins and water (Blair,
2008). Energy is the first nutrient to satisfy when birds consume a diet (Leeson and
Summers, 2009). A shortage of one or more nutrient due to an unbalanced diet will
reduce poultry performance. Poultry will eat primarily to satisfy their energy requirement
if the diet is well-balanced, but will overconsume energy at the same time to obtain
sufficient protein if the diet is deficient in protein in relation to its energy content
(Fanatico, 2010).
Factors involved in controlling feed intake (FI) range from energy and AA level
of the diet, environment temperature, nutritive value of the feed, toxicity of feed
ingredients, palatability and the particle size of the diet (El Boushy and van der Poel,
2000; Zhai et al., 2014). As energy levels increase, FI decreases (Emmert and Baker,
1997; Leeson and Summers, 2009). High-energy diets limit FI and AA intakes are also
reduced as a result. Laying stock can regulate FI according to the energy level of the diet
(Blair, 2008). Broilers, on the other hand, have greater ability to select feeds and balance
intake of proteins when presented with a variety of feeds compared to laying stock (Blair,
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2008). Ewing (1963) noted the requirement of Met increased in proportion as the energy
increased and he further suggested formulating diets with AA requirements calculated as
percentage of energy. Dietary energy to protein balance has an important impact on
carcass quality since energy concentrated diets produce fatty carcasses while protein
concentrated diets lead to lean carcasses (Leeson and Summers, 2009). Therefore, it is
important to adjust the concentration of other nutrients in relation to energy level in order
to provide a nutrient balanced diet to the bird.
High humidity and dry bulb temperature during the summer months can reduce FI
and growth, induce oxidative stress, and cause substantial economic losses to the broiler
industry. Cheng et al. (1997) reported that the feeding of high-protein and high-AA diets
to birds housed at high temperatures showed deleterious effects on body weight gain,
feed efficiency, and carcass composition. Conversely, Willemsen et al. (2011) reported
that AA supplementation may partially prevent growth depression experienced by birds
that are heat stressed. In a recent study, Zhai et al. (2014) found that feeding birds lowapparent metabolizable energy (AME) and high-AA diets at high temperature
significantly reduced birds FI and body weight (BW) on d 35, 42, and 53, as well as
absolute carcass, breast, wing, front half, and back half weights at d 54.

Methionine Requirement of Fast-growing vs. Slow-growing Broilers
In the U.S., fast-growing Cornish broilers are fed concentrated energy and protein
diets in organic and conventional broiler production, which is different from the
European Union organic broiler production (Fanatico, 2010). Fanatico et al. (2006)
indicated that the Met and TSAA requirements of three genotypes of broilers with fast,
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medium, and slow growth rate were similar during the starter and grower phases without
significant difference in feed efficiency and weight gain responses. Fanatico et al. (2007)
further demonstrated that Met significantly increased BW gain (BWG) of three
genotypes with increasing levels of Met. However, while breast yield of fast-growing
breeds responded to high dietary levels of Met, breast yield of medium-growing breeds
responded only to the intermediate levels of Met, and breast yield of the slow-growing
breeds responded only to the diets with higher levels of Met. Kalinowski et al. (2003)
also found that Met requirements were the same (0.50% and 0.50%, respectively) for the
slow- and fast-growing birds during the grower phase, however, Cys requirements were
lower (0.39% and 0.44%, respectively) for slow-growing birds. Regardless of the
genotype, Met requirement were the same (0.46% and 0.46%, respectively) for the slowand fast-growing males, however, the Cys requirements were again lower (0.37% and
0.40%, respectively).
Currently, there is an emphasis on developing strains with high meat yield, a
greater proportion of breast meat and low-fat content of the carcasses (Saki et al., 2007).
Body composition of different genotypes of broilers may alter the AA requirement for
each type. According to Morris et al. (1992), the dietary AA requirement of fast-growing
breeds may be greater, which is consistent to the higher protein to fat ratio of fastgrowing broilers than slow-growing birds. This is supported by their work showing that
supplemental Met and excessive protein diets could reduce abdominal fat. They further
suggested that when formulating practical diets, the minimum Met concentration should
be specified as a proportion of protein rather than as a proportion of the diet. For an
estimate of maximum growth or feed efficiency, the Met/CP ratio can be adjusted at
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0.025% (0.025 g Met/per g crude protein) (Morris et al., 1992). Sell (1994) has found that
BW, feed conversion ratio (FCR), and breast meat yield were not affected by reducing
dietary CP (to 93% of NRC 1984) when Lys and Met were maintained with
supplementation in turkey toms. Waldroup et al. (1997) found that supplementation diet
AA at 85-120% of NRC (1994) increased breast meat yield percentages in large white
toms. In a more recently study, Saki et al. (2007) like Morris (1992) demonstrated that
instead of using Met as part of the whole diet, the Met/CP ratio was adjusted to 0.024%
(0.024 g Met/g CP) and 0.023% for 21 and 42 d of age, higher breast meat yield, lower
abdominal fat, desirable FCR and reduced CP requirement in the diet were the results.
They found that a low CP diet could be compensated by supplementing 120% of NRC
Met with 0.6% and 0.46% Met for 21 and 42 days of age, respectively. The NRC (1994)
Met recommendation with 0.5 and 0.38% Met for 21 and 42 days of age, respectively,
generated satisfactory BWG, carcass yield and desirable FCR according to Saki et al.
(2007), but were inadequate to achieve high breast meat yield and low abdominal fat.
Dietary Met supplementation, coupled with applying a more balanced AA profile
in the diet can improve the overall feed efficiency and nitrogen (N) retention and
optimize the breast meat yield, thereby reducing N excretion to the environment (Kim et
al., 2006; Applegate and Angel, 2008).

Methionine Deficiency
Studies have demonstrated the importance of dietary Met for poultry that
decreased growth performance (e.g. FI, BWG, and FCR), uniformity, and breast meat
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yield, as well as increases fat pad deposition and thigh and wing yield for birds are
associated with Met-deficiency (Leclercq, 1983; Carew et al., 2003; Vieira et al., 2004;
Corzo et al., 2006).
1) Poor feathering development
Met is the one of two sulfur-containing AA and sulfur is an important constituent
of feathers. A Met deficient bird will tend to eat feathers in an attempt to satisfy a craving
for Met (Khalil et al., 1968). As a result, feather picking can lead to cannibalism events in
a flock. Today, in organic poultry production, with the use of synthetic Met, problems
with cannibalism are due to suspected variations in ingredient quality (Fanatico, 2010). If
synthetic Met is fully banned, broilers may suffer from slow feathering and a higher
incidence and severity of bacterial infections (Dahiya et al., 2007).
2) Reduced growth performance
Without sufficient dietary Met to meet the growth, maintenance and production
requirement of birds, Met-deficiency can lead to decreased growth rate, reduced FCR,
lower BW, and longer time to market for broilers, and poor FCR, reduced BW, egg size,
and egg production for layers and breeders (Sekiz et al., 1975; Fanatico, 2010).
3) Impaired immune function and excessive mortality
Sulfur AA (i.e. Met and Cys) are utilized as antioxidants in the avian body to
prevent cell damages (Elias et al., 2005). Methionine supplementation (0, 1.5, 2.0, and
4.5 g/kg diet) enhanced (P < 0.05) the cellular immune response measured by leucocyte
migration inhibition (Swain and Johri, 2000). Met-deficient birds are prone to suffer from
impaired immune functions by impairing the specific mechanisms of T and B
lymphocytes (Tsiagbe et al., 1987). The authors indicated that extra Met was critical for
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the synthesis of the IgG, the major antibody in the avian body, and Met was necessary for
thymus-derived T-cell helper function.
4) Kidney problems and heat stress
Without the use of synthetic Met, dietary CP will be increased significantly, and
IP will be disrupted, resulting excesses of some AA not used for growth, egg production,
feather production, etc. will need to be metabolized and excreted, thereby increasing the
incidence of the kidney illness and dietary heat increment at the same time, resulting in
greater mortality during hot seasons (Khalil et al. 1968). Additionally, Met can lower
urine pH by excretion of its sulfate anion and thus helping prevent uroliths, kidney
stones, or urologic syndromes (Wideman et al., 1989).

Methionine Toxicity
Optimal dietary Met that is provided with synthetic Met improves the early
growth of broilers (van Weerden et al., 1976; Wheeler and Latshaw, 1981; Huyghebaert,
1993). However, excess of Met is toxic for poultry (Hafez et al., 1978; Acar et al., 2001;
Baker and Dilger, 2009). Xie et al. (2004) suggested that an excess of Met in diets of
young Peking ducklings and resulting imbalance in the diet’s AA profile, can influence
the regulation of FI. Greater levels of plasma HCys could be an indicator of excess
dietary Met since HCys is a precursor for Met synthesis and a metabolite of Met
degradation (Finkelstein and Martin, 1986; Finkelstein, 1990; Frontiera et al., 1994).
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Methionine
Methionine is nutritionally essential and proper dietary Met supplementation
coupled with a balanced AA profile can optimize poultry growth performance, maximize
carcass yield, and lower abdominal fat (Waldroup et al., 1981). All AA except Gly can
exist as either L- or D-isomers (Willke, 2014). The D-isomers are biologically inactive,
however Met in tissues typically occurs in the L-form (Kalbande et al., 2009), that is
because poultry have the ability to utilize the isomers by a DL-racemase, which enable
the conversion to the L-isomers of Met (Willke, 2014). Unlike the L-from of Lys, Thr
and Try produced by bacterial fermentation, synthetic Met is chemically synthesized
from methyl mercaptan, acrolein, and hydrogen cyanide in a 1:1 ratio of D-Met and LMet (Lussling et al., 1981; Mitsuhashi, 2014; Willke, 2014). Consequently, DL-Met is a
racemic mixture of 50% D-Met and 50% L-Met.
Synthetic Met is typically supplemented as either dry DL-methionine in
crystalline form containing a minimum of 99% racemic 2-amino-4-methylthiobutyric
acid, or as liquid DL-methionine hydroxyl analog-free acid (MHA-FA) containing a
minimum of 88% racemic 2-amino-4-methylthiobutyric acid by definition of the
Association of American Feed Control Officials (AAFCO) according to 21 CFR
582.5477 (USDA, 2011). The AAFCO has also set the standard of identity for DLmethionine hydroxyl analog calcium (MHAC) (minimum of 97% racemic 2-amino-4methylthibutyric acid and calcium salt). Both MHA-FA and MHAC are 𝛼-keto acid
analogs in which the amine group has been replaced by a hydroxy group. In the avian,
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MHA-FA and MHAC can be converted to the amino form by transamination in the liver
using a non-EAA such as glutamic acid (Leeson and Summers, 2009).
There is a substantial body of scientific research supporting similar bioefficacy
for D-, L-, DL-Met and MHA-FA in broilers (Smith, 1966; Tipton et al., 1966; Katz and
Baker, 1975; Baker and Boebel, 1980; Elkin and Hester, 1983; Esteve-Garcia and Austic,
1993; Ribeiro et al., 2005; Dilger and Baker, 2007) and in turkeys (Schmidt, 1981; Noll
et al., 1984). When feed supplemented with DL-Met is fed, the tissues of the animal are
presented with both D-Met and L-Met. After consuming D-Met or L-Met, both
enantiomers can be absorbed at the same rate. Once the D-Met reaches the liver or
kidney, it is converted by a two-step enzymatic process (oxidative deamination followed
by transamination) into the L-form, which is used by the tissue to synthesize proteins
(Goodson et al., 2012). Dilger and Baker (2007) indicated that there was no significant
difference in weight gain, feed intake or feed conversion between chicks fed either DLMet or L-Met in purified or practical-type low-protein diets from 8 to 20 d of age.

Synthetic Methionine Market
Powdered DL-Met was the first form to be produced at a commercial level by
Dow Chemical (Danbury, CT) in the 1940s. Then Monsanto (St. Louis, MO) started the
large-scale production of HMA in the 1950s (Leeson and Summers, 2009). In 2013, the
global DL-Met market amounted to $2.85 billion for 850,000 t with more than 600,000 t
produced for feed at a wholesale price of $4.20/kg (Willke, 2014).
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In the laboratory, Met has been produced by bacterial fermentation using mutated
wild-type strains, or genetically modified organisms (GMOs) (Hermann, 2003; Fanatico,
2010; Willke, 2014). Numerous bacteria and yeasts are able to produce Lys and Thr
through bio-synthetic processes with glucose as a carbon source and ammonia sulfate as
the main N sources (Hermann, 2003). However, only a few strains are able to produce
relevant amounts of Met. Therefore, for Met production wild-type strains have to go
through several rounds of mutation and selection, or genetic manipulations as well as
process optimization (Willke, 2014). Shakoori et al. (2012) screened soil organisms to
select five strains that ultimately produced Met between 8-12 g/L, however, the sulfur
only allows Met concentrations to reach a maximum of 2.5 g/L. Venkata Narayana et al.
(2013) used a C. glutamicum wild-type strain for Met production and achieved 5.6 g/L
Met concentration by means of comprehensive process optimization. However, there are
also current industrial patents which documented only 0.55g/L Met concentration
(Möckel et al., 2002; Willke, 2014). Therefore, there is no commercial fermentation plant
for L-Met from non-synthetic sources in the world, though many patents have been filled
and some granted.
The current major producers of synthetic Met are Evonik Degussa (Germany),
Novus International (United States), Adisseo (France), and Sumitomo (Japan) (Willke,
2014). Synthetic Met is available in many forms, with the main sources for poultry diets
being 99% feed-grade DL-Met, available from Evonik Degussa (Germany) under the
brand of MetAMINO®, Adisseo (France) under the brands Rhodimet® NP99, and
Sumitomo (Japan) under the brand of Sumimet™-P, or as liquid Met hydroxy analogue
(MHA) [ e.g. 2-hydroxy-4-(methylthiol) butyric acid (HMA)] available from Adisseo
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(France) under the brands Rhodimet® AT88, Novus (USA) under the brand of MHA®
and Sumitomo (Japan) under the brand of Sumimet™-L, HMTBa (which is readily
converted to L-methionine , yielding 84%L-methionine) available from Novus (Niigata,
Japan). The less common sources are the calcium-bound powdered DL-Met hydroxy
analog available from Novus (USA) under the brand of Mera™Met (Leeson and
Summers, 2009; Aldrich, 2007; Willke, 2014).

ORGANIC POULTRY PRODUCTION

Background
Organic poultry is an important segment of organic animal foods and has grown
by nearly 20 percent since the National Organic Program (NOP) was established and
steadily contributed to the organic food market (Moritz et al., 2005; Blair, 2008;
Fanatico, 2010; USDA, 2011). Due to an increased consumer demand of food produced
free from genetically modified (GM) crops, antibiotics, hormones and drugs, more
poultry producers are adapting organic farming worldwide as an alternative to
conventional poultry production (Blair, 2008). The U.S. is the world’s largest poultry
producer and the second-largest egg producer with 6.6, 28.6 and 0.5 million head of
organic certified layers, broilers and turkeys, respectively, in 2011 (USDA, 2015b). On
December 21, 2000, the Organic Foods Production Act of 1990 authorized USDA to
establish the NOP as a federal law regulating the creation, production, handling, labeling,
trade, and enforcement of all USDA organic products (USDA, 2000). Livestock products
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(including poultry) produced and labelled as organic must be regulated under USDA
organic regulations, Section 7 of the Code of Federal Regulations (CFR) Part 205
(205.236-205.239) which include Organic Standards, prohibited practices, requirements,
and the National List of Allowed and Prohibited Materials (USDA, 2015a). These
Organic Standards require all livestock producers must be certified by the USDAaccredited certifying agencies (including state agencies and private organizations) before
products can be labeled as organic. Poultry must be raised with outdoor access, fed
certified organic feed and given no animal slaughter by-products, antibiotics, drugs or
synthetic parasiticides under the regulations of the NOP.

Genetics and Origin
Organic broiler chicks are not required to come from an organic-certified
hatchery, but must be raised under organic management after two days of age and until
slaughtered (Fanatico, 2008). In the U.S., conventional fast-growing broilers (White
Rock × Cornish crossed breed) which can research market weight in 7 wk have been
utilized in organic poultry production. In contrast, slow-growing strains are typically used
in the EU (Blair, 2008; Fanatico et al., 2009; Burley, 2012). Fanatico, et al. (2008)
demonstrated that fast-growing birds had higher BW (P = 0.001), FCR (P = 0.0001), and
mortality (P = 0.0364) compared to the slow-growing birds. Fast birds had higher readyto-cook yield and breast percentage yield, lower wing, leg and frame percentage yield (P
< 0.05). However, slow-growing birds showed higher protein content of the breast meat,
and 50% lower intramuscular fat content compared to the fast-growing birds (P < 0.05).
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Living Conditions and Housing
Compared to the typical layer production, NOP has regulated that cages are not
permitted and all housing systems for poultry must have outdoor access, which allow
natural behaviour, e.g. scratching and dust bathing patterns to be expressed (Fanatico et
al., 2009). Under the free range or pastured poultry systems, electric fencing and nets are
utilized to prevent predators (e.g. eagles, foxes, skunks, and raccoons) from attacking
broilers, turkeys and layers. There is a minimum of 1.0 ft2 of space/bird indoors space
and an additional of 1.0 ft2 of space/bird for outdoor pasture access for broilers, according
to NOSB. Fanatico et al. (2008) found that rearing systems with outdoor access increased
FI (P = 0.0001) and FCR (P = 0.0001), however, they did not affect (P > 0.05) the BWG
or mortality compared to the rearing system without outdoor access. The outdoor birds
had higher protein content (P = 0.001) and lower fat content (P = 0.0001) of the breast
meat compared to the indoor birds. However, it is difficult and economically impractical
in most regions of the U.S. to obtain sufficient year-round forage access for many organic
producers on a large scale to obtain adequate Met (Rack et al., 2009; Fanatico, 2010;
Burley, 2012).

Animal Health
With outdoor accesses, birds are prone to diseases from soils, water, wild birds,
and other animals. Thus, strict biosecurity and preventive management are critical to
maintain the health of these organic birds without the use of drugs, growth promoting
antibiotics, or synthetic parasiticides with the exception of vaccines and disinfectants
according to NOP (USDA, 2015b). When medical treatments are necessary, antibiotics
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are allowed but the resulting products can not be labeled organic after treatment (USDA,
2015b). Approved disinfectants (e.g. chlorine materials and alcohol, etc.) as well as
vaccines are allowed to be used in the organic poultry production under the regulation of
the NOP.

Feed
The feed used for organic poultry production must be organic, including pasture
and forage. The National List of Allowed and Prohibited Substances for use in the
production of organic food products (Section 205.600) identifies the prohibited
substances in organic poultry diets including 1) GM grain or grain by-products, 2)
antibiotics, hormones or drugs, 2) animal by-product with exception of milk products and
fishmeal, 3) grain by-products unless produced from certified organic crops, 4)
chemically extracted feeds (e.g. solvent-extracted soybean meal), 4) pure AA, either
synthetic or from fermentation sources with synthetic Met as an exception (Blair, 2008;
Fanatico et al., 2009). The NOP National List identifies the allowed natural,
nonagricultural, and non-GMO derived feed additives and supplements. Synthetic
substances such as synthetic Met (the only allowed synthetic AA), synthetic vitamins and
minerals are allowed. Feed supplement, such as approved enzymes and fishmeal without
the prohibited preservative (ethoxyquin) are allowed.
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Methionine Standards in Organic Poultry Production
In organic poultry farming, the utilization of synthetic methionine is banned in
several countries (NPOP, 2005; EC, 2008, 2014; NOP, 2014). In the United States, under
the Organic Foods Production Act (OFPA) of 1990 as amended (7 U.S.C. 6501-6522),
and in NOP regulations (section 205.105), synthetic Met for organic production and
handling was prohibited unless included on the National List. In 1999, the National
Organic Standards Board (NOSB), a Federal Advisory Committee of fifteen members of
the public, initiated a review of synthetic Met and recommended to the USDA to keep
synthetic Met on the National List. Beginning October 31, 2003, USDA decided to allow
Met as a synthetic substance for use in organic poultry production [7 CFR 205. 603 (d)]
with a ban in 2005, however two extensions until 2008 and 2010 were allowed (USDA,
2011). On March 15, 2011, USDA decided to keep synthetic Met until October 1, 2012
with the restriction to be 4, 5, 6 lbs per ton for laying hens, broilers and turkeys and all
other poultry, respectively (USDA, 2011). After October 2, 2012, the allowed levels must
be further restricted to 2, 2, 3 lbs per ton for laying hens, broilers and turkeys and all
other poultry, respectively, with an expiration date of October 2, 2017 [Section 205.
603(d)] (USDA, 2012).

VIABILITY OF ALTERNATIVES
Due to the current allowance limits and future ban of synthetic Met, researchers in
the U. S. have examined alternative strategies including 1) genetic selection of broiler
breeds (Fanatico, 2010); 2) diet formulation and feeding strategies (i.e. diet formulation,
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choice feeding and foraging) (Blair, 2008; Fanatico, 2010; Burley, 2012); 3) utilization of
naturally occurring Met-rich feedstuffs in place of conventional feedstuffs (Fanatico,
2010); 4) naturally fermented Met (Willke, 2014); and 5) supplementation of organic
approved microbial prepared enzymes (Choct et al., 2004; Ni Gusti Ayu et al., 2005;
Blair, 2008). The thesis herein reviewed the naturally occurring Met-rich feedstuffs most
suitable for organic broilers into the following categories:
1) Plant energy ingredients, i.e. high-Met corn, naked oats, hulless barley, and
triticale;
2) Plant protein ingredients, i.e. lentils, potato protein concentrate, corn-gluten
meal, de-hulled screw pressed sunflower seeds meal, sesame meal, de-shelled
Brazil nuts, and soy protein concentrate;
3) Animal protein ingredients, i.e. egg products, fishmeal, dairy by-product; and
4) Unconventional protein ingredients, i.e. earthworms, Black Soldier Fly
prepupae meal, brewer’s yeast, and post-extracted algae residue.

Genetic Selection
Fast-growing strains of broiler chickens with a higher rate of growth (5-7 weeks
to reach market weight) with high meat yield have been developed for the conventional
broiler industry. Slow-growing strains of meat chickens (12 weeks to reach market
weight), are better adapted to an outdoor environment with better livability, and are more
suitable for organic production (Fanatico et al., 2008). With the potential ban of synthetic
Met utilization in organic poultry production, utilizing slow-growing strains of broilers
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was suggested (Sundrum, 2006). However, Fanatico et al. (2006) fed slow-, medium, and
fast-growing birds with low, intermediate, or high Met diets and they found that slowgrowing birds with less efficient performance did not differ from fast-growing birds with
regard to their Met requirement. The Methionine Task Force (MTF) believed that the
selection of birds with lower Met requirement could be a potential strategy. However, it
will most likely involve a lot of time and energy to develop the suitable broiler genotype.

Formulating Diets and Feeding Strategies
Diet Formulation
Without synthetic Met supplementation, one option to meet the broiler minimal
Met requirement according to the NRC (1994) is to formulate diets containing high levels
of proteins from conventional plant or animal protein sources (Fanatico, 2010). A broiler
starter diet formulated with reduced or no synthetic Met is shown (Table 2-4). Notably,
all the diets with reduced or without synthetic Met have excessive protein in the case of
broiler starter diets. Fanatico et al. (2009) compared growing chicks fed on diets with or
without synthetic Met and concluded that dietary Met could be supplemented through
higher levels of protein intake without synthetic Met. However, the authors also
mentioned that the increased protein intake could lead to increased feed cost and
decreased profitability. Therefore, feeding higher levels of crude protein can meet the
Met requirement without synthetic Met supplementation; however, the accompanying
issues (i.e. increased feed cost, increased water intake to excrete excessive protein,
increased ammonia excretion, increased incidence of wet litter, increased pathogenic
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bacteria and reduced profitability) make this strategy not ethically or economically
practical.
Typically, when formulating diets, nutritionist use multiple phase feeding (e.g.
starter, grower1, grower2, and finisher) for broilers to better meet birds requirement and
avoid feed waste to reduce feed costs (Fanatico, 2010). Additionally, it has been
suggested to utilize proteins with higher digestibility and more balanced AA profile in the
starter diet and to stimulate feed intake for broilers in Met deficient situations to meet
Met requirement (Sundrum, 2006; Fanatico, 2010; Burley, 2012).

Choice Feeding
Free-choice feeding is to let individual birds select their balance of nutrients from
separate rations (i.e. an energy ration, a protein ration and a calcium source for laying
hens) instead of complete diets to meet maintenance, growth and production needs
(Pousga et al., 2005). It was proposed by Rack et al. (2009) that choice feeding could
better match birds nutrient requirements, which can change rapidly according to the
difference in temperatures, production stage, type of birds, and sex of the birds.
Pousga et al. (2005) found that broilers tend to show more ability to balance the
protein intake when offered high-protein or low-protein diets compared to laying hens.
Mastika and Cumming (1985) noted that choice-fed broilers had better performance than
the same birds fed a complete diet. However, Rack et al. (2009) observed overconsumption of grain (energy) and resulting AA deficiencies in choice fed broilers that
led to reduced bird performance.
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However, Hughes (1979) reported egg-type birds adapted quicker to choice
feeding than broilers. The author demonstrated that hens that selected 58% of their feed
from Met adequate and 42% from Met deficient diets and improved egg production of
0.67 to 0.8 eggs/bird/day for hen fed solely Met-deficient and choice-fed diet,
respectively. However, choice feeding was not enough to prevent declining egg
production from 0.85 to 0.80 eggs/bird/day for hens fed the Met-adequate diet versus the
choice-fed systems (Hughes, 1979). Therefore, choice-feeding is not considered as a
suitable alternative feeding strategy to synthetic Met due to reduced FCR and the lack of
production profitability for organic poultry producers (Burley, 2012).

Foraging
With the potential ban of synthetic Met, raising broiler chickens with forage
access has been considered as an alternative strategy to synthetic Met for U.S. producers
(Blair, 2008; Burley, 2012). Foraging enables birds have the access to low to moderate
levels of Met from forage and relative high levels of Met from earthworms and insects on
pasture (Blair, 2008; Fanatico, 2010). Moritz et al. (2005) reported summer forage had
higher levels of Met (0.33% vs. 0.15%) and Cys (0.23 vs. 0.20%) compared to winter
forage. Although, foraging can provide additional Met from insects that are relative high
in Met (1.6% on DM basis) to pasture birds, they would have to comprise more than 30%
of the diet to be Met-sufficient for birds (Fanatico, 2010). Furthermore, the inconsistency
of the forage nutrients composition, nutrient digestibility and palatability due to different
plant species and seasons make forage less desirable for large-scale organic broiler
producers (Wood, 1956).
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Despite the fact that there is a minimum of 1.0 ft2 of space/bird indoors space and
an additional 1.0 ft2 of space/bird with outdoor pasture access for broilers according to
NOSB, it is difficult to obtain sufficient year-round forage access for many organic
producers on a large scale to obtain adequate Met (Rack et al., 2009; Fanatico, 2010;
Burley, 2012). Rack et al. (2009) raised slow-growing and fast-growing broilers with 1.5
ft2/bird (0.46 m2/bird) of indoor space, and either given or not given access to a fenced
pasture of 21 × 25 ft (6.40 × 7.62 m). Results indicated that pasture access had no effects
on slow-growing broilers but reduced fast-growing broilers growth rate in late fall, which
was likely due to the cold weather. However, broiler with/without pasture access could be
raised to reach market weight without synthetic Met supplement (Rack et al., 2009). In
another study by Moritz et al. (2005), Met levels were 0.40 and 0.36% for diet with and
without synthetic Met supplementation, respectively; Cys levels were 0.35% for both
diets. During 3-6 week of age, broilers had 1.5 ft2/bird indoors space, given or not given a
6.1× 9.1 m paddock pasture access with tall fescue, orchard grasses, and clover. Results
indicated that organic broilers without synthetic Met could increase FI to meet Met
requirement if they have pasture access. Therefore, based on the benefits and limitations
from foraging, organic foraging may be of particular interest of small-scale organic
poultry producers with adequate pasture access to provide sufficient Met to birds
(Fanatico, 2010; Burley, 2012).

Methionine-rich Plant Energy Ingredients
High-methionine Corn
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With the current limitation and the potential ban of synthetic Met in organic
poultry production in 2017, the Michael Fields Agricultural Institute (MFAI), USDAARS, the Mandaamin Institute (MI) and Practical Farmers of Iowa (PFI) have been
developing commercial grade corn hybrids with high Met content by naturally selecting
corn hybrids to meet the Met requirement in poultry diets. According to Jacob et al.
(2008), there are different types of high-Met corn (HMC) with soft and hard kernels
compared to conventional corn hybrids. High-Met corn (3 floury-2 MF hybrid) is a
naturally selected soft endosperm corn with higher Met (0.32%) developed by the MFAI,
compared to conventional corn (0.17%), on an “as is” basis. Jacob et al. (2008)
demonstrated that Bovan Brown pullets fed the HMC based diets without synthetic Met
supplementation had higher BW (P > 0.05) for the entire experiment period (1-112d) and
higher BW (P < 0.05) at wk 11, 12 and 15, compared to the typical corn/soybean (CS)
diet with 0.05, 0.03 and 0.00 % synthetic Met supplementation for the starter (1-25 d),
grower (26-77 d) and developer (78-112 d) phases, respectively. The mortality was very
low throughout the experiment period with only five CS diet and one HMC diet chicks
dying. Results also demonstrated there were no significant difference in FCR between the
CS and the HMC fed birds throughout the experiment, indicating that HMC is a suitable
ingredient to replace conventional corn with no synthetic Met supplementation for Bovan
Brown pullets. Earlier literature were also in support of this finding (Cromwell et al.,
1968; and Chi and Speers, 1973). However, commercially available HMC hybrids are
shown to contain higher grain moisture levels at harvest and yield less compared to
conventional corn since the use of the floury-2 gene reduces kernel weight about 11%.
This also makes it more prone to fungal toxin development (i.e. aflatoxin) and less

34

profitable for farmers to grow (Lorenzoni et al., 1980; Coleman et al., 1995; Burley,
2012).
New HMC cultivars with good protein content may enable organic farmers to
reduce expensive soymeal in animal diets in the absence of synthetic Met. Jacob et al.
(2008) noted that the cost of floury-2 HMC is 120% of the normal corn, however, feeding
floury-2 HMC would be more profitable if one takes into account the superior
digestibility of floury-2 HMC proteins.

Naked Oats
Oats (Avena sativa) are considered as a valuable cereal grain and to have an
amino acid composition superior to other cereals like wheat and barley. However, a major
constraint for oats fed to non-ruminants is the presence of hulls, which lowers
digestibility, available energy and protein content (Nyachoti et al., 2010). The nutritional
value of oats is closely related to the hull content, which can range from about 200 to 450
g/kg (Blair, 2008). Because of the high fiber, ash and lower energy and starch compared
to maize, grain sorghum or wheat, conventional oats are utilized in pullet developer diets
rather than growing meat birds (Blair, 2008).
A new hull-less oat grain, naked oats (Avena nuda L.), is lower in fiber and higher
in protein, fat, and metabolizable energy (ME) content and superior in AA profile
compared to conventional oats, making it more suitable for monogastric animals (Brand
and van der Merwe, 1996; Blair, 2008; Macleod et al., 2008; Anderson et al., 2012;
Marshall et al., 2013). Naked oats (NO) were reported to have comparable ME to corn,
but have greater CP and superior AA profile, with ME at 3,180 and 3,350 kcal/kg, CP at
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18.32 % and 8.3% and Met at 0.29 and 0.17% (on an “as is” basis) for naked oats and
corn, respectively (Table 2-3) (Burley, 2012). The AID and TID of Met in NO were
reported to be 76.30 % and 79.92% for five-week-old broilers, respectively (Burley,
2012). Naked oats contain 𝛽-glucans as the predominant non-starch polysaccharides
(NSP), which are shown to be responsible for increasing digesta viscosity, reducing
nutrient digestibility and lowering growth performance especially in young birds with
higher inclusion rates (Cave et al., 1989; Annison and Choct, 1991; Sharifi et al., 2012 ).
Therefore, previous studies have evaluated naked oats as a potential feedstuff for poultry
with (Cave and Burrows, 1993) or without enzyme supplementation (Maurice et al.,
1985; Farrell et al., 1991; Brenes et al., 1993). Maurice et al. (1985) demonstrated that
NO could entirely replace corn with no synthetic Met supplementation and without
increasing dietary CP during the grower phase (3-7 wk) at 400 g/kg in broiler diets with
no adverse effects.

Hull-less Barley
Hull-less barley was reported to be comparable in ME to corn, but have greater
CP and a superior AA profile, with ME at 3,460 and 3,350 kcal/kg, CP at 12.7 % and
8.3% and Met at 0.19 and 0.17% (on an “as is” basis) for hull-less barley and corn,
respectively (Table 2-3) (Blair, 2008; Burley, 2012). Therefore, it was studied as an
alternative energy ingredient to corn without synthetic Met supplementation in organic
poultry diets. The AID and TID of hull-less barley were reported to be 68.7% and 73.9%
for five-week-old broilers, respectively (Burley, 2012). Like naked oats, the Met and
other AA digestibility can be reduced by 𝛽-glucans ( 40-150 g/kg), the predominant NSP

36

in barley, which are responsible for increasing digesta viscosity and reducing bird
performance (Blair, 2008).

Triticale
Triticale (Triticale hexaploide, tetraploid), a hybrid of wheat (Triticum) and rye
(Secale), has successfully been utilized as an alternative cereal grain mainly in Poland,
China, and Russia because of its high yield, drought tolerance and disease resistance
(Gatel, 1994; Blair, 2008).The nutrition composition of triticale resembles that of the
wheat with CP levels ranging from 9.9 to 13.2% (“as is” basis) and ME values at 3246
kcal/kg for growing broilers (Vieira et al., 1995; Stacey et al., 2006). It was reported that
triticale was richer in Lys than wheat (3.9 and 3.4%, “as is” basis) and had comparable
Met levels (2.0 and 2.0%, respectively, “as is basis”) (Blair, 2008). Numerous studies
have investigated triticale as the primary energy ingredients in broiler diets instead of
corn. Vieira et al. (1995) indicated that triticale could be included in diets up to 40%
without sacrificing growth performance and Korver et al. (2004) observed no significant
difference between triticale and other cereal sources on carcass weight, FCR and flock
uniformity. Arabinoxylans and pentosans are the predominant anti-nutritional factors in
triticale that can increase the viscosity of digesta content in the GI tract, lower apparent
metabolizable energy and digestibility of the nutrients, and increase the incidence of wet
and sticky droppings (Blair, 2008). Pettersson and Åman (1988) demonstrated that
supplementation of an enzyme preparation with pentosanase in broiler diets based on
wheat, rye and 3 cultivars of triticales significantly (P < 0.03) improved live weight,
cumulative FI and FCR.
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Methionine-rich Plant Protein Ingredients
Lentils
Lentils (Lens culinaris subsps. Culinaris), a well-known legume mainly grown for
human consumption, is divided into two cultivars groups: Macrosperma are primarily
cultivated in Europe, North Africa and America, while Microsperma lentils are mainly
grown in Asia, Egypt and Ethiopia (Sauvant et al., 2015). Lentils are considered as a
source of protein (26.9% DM), however compared to field peas, lentils are low in Met
(0.9% DM) and Cys (1.2 % DM), respectively) (Blair, 2008; Lardy and Anderson, 2009;
Sauvant et al., 2015). Like other legumes, raw lentils contain moderate levels of antinutritional factors (e.g. several protease inhibitors, lectins, phytic acid, saponins, and
tannins) (Blair, 2008). For broilers, special attention should be paid to AA balance in
diets and therefore lentil should be no greater than 10% in the diet (Sauvant et al., 2015).

Potato Protein Concentrate
Potato protein concentrate (PPC) is widely used in the human food industry and
considered a high quality protein source suitable for use in conventional poultry diets
with 76.0% CP, 70.3% digestible protein (in vitro ) and higher levels of EAA (Table 2-3)
(Blair, 2008). Potato protein concentrate was considered a promising protein source for
organic farming of rainbow trout. In this study, PPC compared to fish meal had greater
CP, 859 vs. 689 g/kg, Met+Cys, 32.9 vs. 29.1 g/kg, and Lys 71.2 vs. 41.5 g/kg, “as is”
basis (Tusche et al., 2012). In addition, PPC was proven to have no detrimental effects on
growth or FCR when supplemented at an inclusion level up to 15% to replace milk and
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fish proteins for calves and young pigs (Blair, 2008). Since the European Union
Standards for organic production had allowed 5% non-organic ingredients to be used (no
longer applicable), PPC had been used as a protein source to meet poultry’s high Met
requirement without synthetic Met (Fanatico, 2010). However, PPC must be in the
organic form to be allowed in the diets for organic poultry in the United States.
Therefore, the high cost and the unavailability of the large amount of organic PPC
needed, making it unpractical for organic poultry production (Blair, 2008).

Corn Gluten Meal
Corn gluten meal (CGM) is a by-product of the manufacture of corn starch and
ethanol by the wet-milling process (RFA, 2008). It has been used widely in North
America as a fertilizer and weed killer, and is also recognized as a source of natural
xanthophyll pigments (up to 300 mg/kg) in broiler and layer diets (Blair, 2008). Besides,
CGM is relatively high in CP and Met, but very deficient in Lys (60.2 CP, 1.49% Met,
and 1.03% Lys, respectively, “as is” basis) (Table 2-3) (Burley, 2012). Corn gluten meal
is high in protein digestibility. However, the low palatability, imbalanced AA profile and
unavailability of the organic CGM make it not suitable for organic poultry production
(Blair, 2008; Fanatico, 2010).

Sunflower Seed Meal
Sunflowers (Helianthus annuus L.) are grown for oil production worldwide,
leaving the extracted sunflower seed meal (SSM) for animal feed which is commercially
available in hulled or de-hulled forms (Blair, 2008; Burley, 2012). Sunflower seed meal
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with hulls is available in organic form and relatively free of anti-nutritional factors (Blair,
2008). Depending on the quality of the seed, methods of extraction (screw press or
solvent extraction) and hull content, nutrient composition of SSM varies considerably.
Hulled SSM has higher Met (0.63%), higher TSAA and lower ME, Lys (1.01%) contents
compared to SBM (0.55% Met, and 2.37 % Lys) on an “as is” basis (Evonik Industries,
2010). Hulled or partially de-hulled SSM can be substituted for soybean meal on an
equivalent protein basis in feeding ruminants, but the use is limited for poultry since high
crude fiber (CF) content can dilute poultry diets, and therefore limit dietary inclusion rate
(Burley, 2012). Rama Rao et al. (2006) found that DM digestibility decreased with
increasing levels of dietary SSM, however, SSM could substitute up to 67% of soybean
meal (SBM) (included up to 34.5% in the starter diet, and 29.6% in the finisher diet,
respectively) without sacrificing FCR, carcass yield and increasing high level of
supplemental fat to provide satisfactory level of energy in the diet. In a recent study by
Burley (2012), organic de-hulled SSM was produced by oil extraction via screw press
with a 7 mm opening at 80 ℃ generating a higher protein and Met (43.52% CP and
1.04% Met, “as is” basis) compared to de-hulled expeller SBM (43.4% CP and 0.60%
Met, respectively) (Table 2-3) (NRC, 1994). The AID and TID of Met in de-hulled SSM
were determined to be 84.07 and 86.29 % for five-week-old broilers, indicating the
organic de-hulled, screw pressed SSM may be considered as an alternative protein
ingredient instead of SBM to meet Met requirement in organic poultry diets without
synthetic Met utilization (Burley, 2012).
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Sesame Meal
Sesame (Sesamum indicum L.) is an oil seed crop mainly grown for culinary use
in Asian and African countries. The by-product of the oil-extraction is the expellerextracted sesame meal (SM), which has considerable potential for organic poultry
production as a good protein source (304 to 530 g/kg) richer in Met, Cys and tryptophan
(Kadirvel, 1968) but is deficient in Lys, Iso, Leu and Val compared to SBM (Kaneko et
al., 2002). Sesame meal was reported to be lower in CP, Lys, Thr, Iso, Leu and Val (296,
6.2, 8.7, 8.9, 16.6 and 11.4 g/kg, respectively) compared to SBM (448, 26.7, 17, 20.4,
36.4 and 21.3 g/kg, respectively), but higher in Met, Cys, Ca, P and ether extract (7.2,
6.8, 12.7, 13.8 and 57.7 g/kg, respectively) compared to SBM (5.7, 6.5, 0.3, 5.7 and 9.5
g/kg, “as is” basis, respectively (Rama Rao et al., 2008). Sesame meal is known to be
free of protease inhibitors or other anti-nutritional factors (ANF), however, high levels of
SM should be limited in starter diets since high CF content can dilute the diets and limit
the inclusion ratio. Furthermore, high levels of oxalates and phytate in the hull (0.035 and
5%, respectively) may reduce palatability and mineral digestibility, and the imbalanced
AA profile can cause adverse effects on growth performance (Blair, 2008; Burley, 2012).
Good-quality SM could be incorporated up to 150 g/kg in the diets by supplementing
adequate Lys when the goal is optimal growth and feed conversion (Ravindran and Blair,
1992). Rama Rao et al. (2008) demonstrated that SM could replace 67% of SBM in Cobb
broiler starter and finisher diets (360 and 310 g/kg, respectively) without affecting BWG,
feed efficiency, or ready-to-cook yield.
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Brazil Nuts
Brazil nuts (Berthollectia excels), are grown in South American countries (e.g.
Bolivia, Brazil and Peru) and are an excellent source of oil (65-70%, “as is” basis),
protein (14-17%, “as is” basis), and TSAA (Sun et al., 1987; Venkatachalam and Sathe,
2006). After commercial oil extraction by cold hydraulic pressing, the remaining Brazil
nut meal powder (BNPP), which was higher in protein and Met (51.08% CP and 3.35%
Met, respectively) than de-hulled expeller SBM (43.4% CP and 0.60% Met, “as is” basis)
(Table 2-3) (Burley, 2012). It was the first time that organic BNPP was investigated as an
alternative protein ingredient instead of SBM without synthetic Met supplementation in
organic poultry diets. The AID and TID of Met in BNPP were determined to be 90.4 %
and 91.2 % for five-week-old broilers, respectively (Burley, 2012). Food grade organic
BNPP (e.g. oil extracted by mechanical means) is currently available, however, the high
price for small quantities make it less profitable for organic poultry producers.

Soybean meal, Soy Protein Concentrate and Isolate
Standard soybean (Glycine max) meal is the oil extraction by-product of soybean,
widely used in animal feeding and regarded as the best plant protein source to which
other plant proteins sources are compared (Blair, 2008). Soybeans can be processed by
using screw presses (expeller), solvent-extraction process, and extruding-expelling
procedures to remove the oil. Extruded-expelled meal has been reported to be similar to
screw-pressed meal, with Woodworth et al. (2001) showing that extruded-expelled SBM
was more digestible than conventional solvent-extracted SBM. Conventional SBM is
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available in 44% CP meal and the de-hulled meal was 48% CP, both with good AA
profiles (Blair, 2008).
There are also soybean protein concentrate (SPC) (IFN 5-08-038) and soybean
protein isolate (SPI) (IFN 5-24-811) available for trade in North America. Soy protein
concentrate is produced by removing most of the oil and water-soluble non-protein
components from good quality and cleaned de-hulled soybeans, yielding a product with
high CP and high Met (≥ 65% CP and 0.81% Met, respectively).While soybean isolate is
produced by removing most of the non-protein components from good quality and
cleaned de-hulled soybeans, yielding a product with high CP and Met (≥90% CP and
1.01% Met, respectively) (NRC, 1994; Blair, 2008; Evonik Industries, 2010; Burley,
2012).
Compared to the de-hulled SBM expeller with 43.4% CP and 0.60% Met, SPC
and SPI are regarded as Met-rich feedstuffs, however, they are also considered
“synthetic” or potentially derived from genetically modified (GM) soybeans, making it
infeasible in organic poultry diets (Table 2-3) (Blair, 2008; Burley, 2012).

Methionine-rich Animal Protein Ingredients
Egg Products
Spray-dried egg white powder (SDEW) and spray-dried egg blend (SDEB) with a
70:30 white: yolk ratio were determined to be higher in protein and Met compared to dehulled expeller SBM, with 81.95%, 63%, and 43.4% CP, and 3.06, 2.44, and 0.60% Met
on an “as is” basis, respectively (Table 2-3) (Burley, 2012). Researchers have
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demonstrated the beneficial effects of dietary dried inedible whole egg on production
performance of broilers and laying hens with inclusion rates up to 10% (Mast et al., 1984;
El-Deek and Al-Harthi, 2009; Al-Harthi et al., 2011). In a recent study, SDEW and
SDEB were investigated as a replacement for synthetic Met in 0 to 21 d old broiler diets.
Significant reduction in bird growth and processing weights were observed in SDEW and
SDEB treatment birds compared to the control group, indicating that additional research
on eliminating anti-nutritional factors (e.g. the heat stable biotin-binding egg white
protein avidin, and protease inhibitors) in the egg-based products were required (Burley,
2012).

Fishmeal
Fishmeal is recognized as a high protein feedstuff for poultry worldwide and can
be approved for use in organic poultry diets (Blair, 2008). However, there is little
fishmeal available without synthetic antioxidants, i.e. ethoxyquine or others (Fanatico,
2010; Burley, 2012). A variety of fishmeal are commercially available, namely Herring,
Menhaden, Anchovy, Red Fish, White Fish and Sardine with high CP (62-72%) and high
Met content (1.63-2.16%), on an “as is” basis (Table 2-3) (Heuzé et al., 2015). Karimi
(2006) studied varying levels of dietary fishmeal supplementation on broiler performance
(0, 2.5 and 5%, respectively in broiler starter diet and 0, 1.25 and 2.5%, respectively in
broiler grower diet) and noted that the beneficial effects on growth performance was most
evident at higher dietary supplementation levels and during the grower period because of
the stimulation of feed intake. However, the dietary inclusion rate cannot be higher than
5% since there is a “fishy” taste in eggs and meat with high levels of fishmeal use (Blair,

44

2008). Therefore, the high cost of fishmeal along with the limited availability in the
organic form tends to limit the use in organic poultry diets (Fanatico et al., 2009).

Dairy By-products
Dairy by-products have been used in poultry feeding either in liquid (skim milk,
butter milk, and whey) or dried form (dried whole milk, dried skim milk and dried whey)
because of the high palatability and highly digestible protein content (Blair, 2008).
Powdered or concentrated products are particularly of interest for organic poultry
producers since liquid milk products are less concentrated and the issues with liquid feed
ingredients for poultry (Fanatico, 2010; Burley, 2012). Casein is the solid residue after
milk coagulates, AA are highly digestible, ranging from 84-99% and it is rich in CP and
Met (87.2% and 2.65%, respectively) (Table 2-3). However, casein is relatively deficient
in Cys with a high Met: Cys (12.62:1) ratio, making it less desirable for poultry (Evonik
Industries, 2010). Besides, casein is not commercially available in the organic form,
making it unlikely for the organic poultry (Blair, 2008).

Unconventional Protein Ingredients
Black Soldier Fly
Black Soldier Flies (BSF) occur worldwide in tropical and warm-temperature
regions and a common native insect to the southeastern United States (Zhang et al., 2010;
Diener et al., 2011). As a voracious consumer, BSF larvae can be reared on various forms
of organic matter including rotting fruits and vegetables, kitchen waste, spoiled feed and
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waste, animal manure and human excreta (Newton et al., 2005a). Studies have
demonstrated BSF larvae as an efficient tool in managing waste as well as producing high
CP and EE feedstuffs for poultry and fish (Sheppard et al., 1994; St-Hilaire et al., 2007;
van der Poel et al., 2013). A study by Sheppard et al. (1994) demonstrated that BSF
larvae converted poultry manure to a 42% protein, 35% fat feedstuff, reduced manure
volume by 50% (62% reduction of N) and eliminated housefly breeding by 94 to 100%
(Sheppard et al., 1994). Moreover, it was reported that BSF larvae significantly reduced
E. coli 0157:H7 and Salmonella enterica in the hen manure (Erickson et al., 2004).
Newton et al. (2005b) generated dried BSF prepupae fed swine manure and then
harvested and dried, and finally containing 43.2 CP, 28.0 ether extract, 0.83 Met, 2.68
Lys, on a DM basis, respectively. Hale (1973) demonstrated that young chicks fed BSF
meal as protein supplement in the diet maintained body weight (BW) at 96% (P > 0.05)
of chicks fed soybean meal plus fat, but they only consumed 93% (P < 0.05) as much
feed. Elwert et al., (2010) showed that full-fat BSF meal was similar to fishmeal and that
removing fat from BSF meal resulted in decreased feed intake (FI) and decreased BW.

Earthworms
Eisenia foetida is one of the commercial earthworms available on the market as
fish bait or for composting (Burley, 2012). Earthworms have been considered a highprotein, high-Met poultry feedstuff by Burley (2012). The earthworm meal was reported
to be highly digestible, containing 70.7% CP, 1.29% Met, 1.06% Cys and 5.01% Lys.
However, organic poultry producers are concerned about accumulated heavy metals (e.g.
Cu, Zn, Cd, Pb, and Ni), which may pose potential hazards to human health.
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Additionally, feeding earthworms to poultry may lead to off flavors in the meat and eggs,
which may need to be considered by producers.

Brewer’s yeast
Brewer’s yeast (Saccharomyces cerevisiae) has been recognized for high CP, as
well as other valuable nutrients, e.g. vitamin B-complexes, and trace minerals (Bradley et
al., 1994). Brewer’s yeast was reported to contain 44.4% CP, 5.9% ether extract, 4.8%
CF, 4.7% ash, 0.90% Met, 3.30% Lys, 0.53% calcium, and 1.38% phosphorus, on a DM
basis (Sacakli et al., 2013). Daghir and Abdul-Baki (1977) found that brewer’s yeast
could replace up to one-third of the SBM and all of the fish meal in the broiler diets.
Furthermore, it was reported that broilers fed 2.5 and 5.0 % of brewer’s yeast had their
leg weakness condition improved (Plavnik and Scott, 1980). In addition, Bradley et al.
(1994) reported that turkey poults fed a live yeast culture (Saccharomyces cerevisiae) had
improved (P < 0.05) retention of several minerals (Ca, P, Mn and K). Most of the studies
focused on the value of vitamins and trace minerals in brewer’s yeast and its potential in
replacing vitamin and trace mineral premix (Sacakli et al., 2013).

Algae
The green algae such as Chlorella and Spirulina are of special interest for organic
poultry producers due to their high CP and Met contents as well as other beneficial
nutrients, e.g. polyunsaturated fatty acids, pigments, antioxidants, etc. (Fanatico, 2010;
van der Poel et al., 2013). Janczyk et al. (2009) found that supplementing 5% bulletmilled or spray-dried Chlorella vulgaris could increase cecal bacterial diversity, thereby

47

enhancing the bird’s health. However, others indicated the Chlorella inclusion rate
should not be greater than 10% of poultry feeds (Ross and Dominy, 1990). The 1st
generation post-extracted algae residue (PEAR) as the by-product of a commercial
biofuels production using Chlorella was reported to contain 20.2% CP, 6.18% calcium,
6.61% sodium and 1.56% fat (Price et al., 2013). Two feeding trials demonstrated that 1st
generation PEAR can be fed up to 10% of the diet without negatively affecting the FI,
BW or FCR in broilers from d 1 to d 21. It was also fed to White Leghorn laying hens up
to 20% without negatively affecting egg production or FI from 31 to 35 weeks of age.
The authors also noted that the high ash content of algae mainly from sulfur, potassium,
sodium and chloride had to be considered when formulating diets. In addition, Spirulina
has a recommended inclusion rate between 5 to 10% of the diet for poultry (Toyomizu et
al., 2001). Apart from the high ash and heavy metals (Cu, Zn, Cd, Pb, and Ni), challenges
to utilize algae in poultry feeds include toxins, fermentation contamination, an
indigestible cellulosic cell wall and variable composition due to different production,
harvesting, and drying procedures.

Other Alternatives
Microbial prepared enzyme supplementation
Phytic acid (or phytate in salt form) contains 28.2% of phytate-bound phosphorus
(P) and represents approximately 70% of the total phosphorus (P) in the feed ingredients
commonly used in poultry diets (Catala-Gregori et al., 2006). The interaction of phytate
with proteins and minerals is known to reduce mineral and protein availability, by
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increasing endogenous losses and stimulating the secretion of gastrointestinal
mucoproteins (Cheryan and Rackis, 1980; Cowieson et al., 2004). In addition, phytatebound P is passed in animal excreta and is a source of environment pollution (Selle and
Ravindran, 2007). Poultry are inefficient in utilizing phytate due to the lack of phytase in
the digestive system, and phytate is a poorly available source of P for monogastric
species (Cowieson et al., 2004). Phytase, a phosphatase that is capable of catalyzing the
release of phosphorus from phytate, is effective in improving P availability (Huff et al.,
1998) and may also release the phytate-bound proteins for utilization (Sebastian et al.,
1997). Phytase supplementation can improve retention of dietary AA and energy for
poultry (Simons et al., 1990; Farrell et al., 1993; Cowieson et al., 2006; Selle et al., 2009
). It was reported that broilers fed a corn-soybean based diet supplemented with microbial
phytase had improved growth performance and enhanced the AID and TID of most of the
AA (Sebastian et al., 1997). As a result, less P supplementation is required and P
excretion to the environment was reduced by 30% (Blair, 2008).
Non-starch polysaccharides have been found to stimulate an increase in
endogenous secretions and thereby reduce broiler performance (Larsen et al., 1993;
Angkanaporn et al., 1994; Cowieson et al., 2003). The adverse effects of arabinoxylan,
the major NSP in wheat-based diet can be ameliorated by supplementing xylanase (Choct
and Annison, 1992; Lu et al., 2000). For barley, 𝛽-glucans as the major NSP can be
broken down by 𝛽-glucanase to improve the digestibility of carbohydrate, fat and
proteins in barley based diets (Hesselman and Åman, 1986). The two main NSP, 𝛽glucans and pentosans, are known to give rise to highly viscous conditions in the small
intestine of chicks fed naked oats based diets and contributes to reduced activity of
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digestive enzymes (Lásztity, 1998; Jaroni et al., 1999; Macleod et al., 2008). Dietary
supplementation of microbial enzyme preparations to naked oats based diets can break
down β-glucans and pentosans and release intracellular nutrients by breaking down the
cell wall, thus allowing high levels of naked oats incorporation (Pettersson and Åman,
1989; Brenes et al., 1993).

Naturally Fermented Methionine

Due to the fact that many essential AA (i.e. Lys and Thr) have been produced
commercially by bacterial fermentation with glucose as a carbon source and ammonia
sulfate as the main nitrogen sources, many laboratories and AA producers continue to
show a high level of interest in producing Met via bacteria fermentation. However, yields
for Met fermentation are very low and are not cost effective because of the very complex
regulation of the L-Met syntheses. Wild-type strains have to go through several rounds of
mutation and selection or genetic manipulations as well as process optimization in order
to be able to produce relevant amounts of Met (Willke, 2014). Ajinomoto (Japan), a
global leader in the manufacture of L-amino acids had a patent using a recombinant E.
coli for L-Met fermentation. But the final concentration was only 0.25 g/L, which is too
low for an industrially feasible process (Willke, 2014). DuPont (USA) had a patent using
a genetically engineered E. coli and a reduced sulfur source for the fermentation of L-Met
(Lievense, 1993). However, GMOs are not permitted in organic production. High
yielding Met-producing bacteria must be naturally selected instead of using genetically
engineering technologies (Fanatico, 2010). Although naturally fermented Met as an
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alternative source for synthetic Met in organic poultry production has been suggested by
the members of the Methionine Task Force, it appears that large-scale Met fermentation
is neither cost effective nor feasible at this moment (Fanatico, 2010; Marinussen and
Kool, 2010; Willke, 2014).
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Figure 2-1. Molecular structure of methionine [source:(ChemIDplus, 2015)].

Figure 2-2. Molecular structure of racemethionine [source:(ChemIDplus, 2015)].
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Figure 2-3. Metabolism of methionine, cysteine, choline, and betaine.
Numbers indicated the following enzymes: (1) methionine adenosyltrasferase, (2) various
enzymes, (3) S-adenosylhomocysteine hydrolase, (4) cystahionine 𝛽-synthase, (5)
cystathionine 𝛾-lyase, (6) ∝-ketoacid dehydrogenase, (7) N5, N10methylenetetrahydrofolate reductase, (8) methionine synthase, (9) choline
dehydrogenase, (10) betaine aldehyde dehydrogenase, and (11) betaine-homocysteine
methyltransferase [figure from Emmert et al. (1996)].
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Table 2-1. Amino acid requirement of broiler chickens as a percentage of diet1, 2.
Percent of diet for broiler chickens by age
Starter (0-3 wks)
Grower (3-6 wks)
Finisher (6-8 wks)
Crude protein
23.00
20.00
18.00
Lys
1.10
1.00
0.85
Met+Cys
0.90
0.72
0.60
Met
0.50
0.38
0.32
Thr
0.80
0.74
0.68
Val
0.90
0.82
0.70
Arg
1.25
1.10
1.00
1
Fast-growing broilers were raised in an environmentally controlled indoor environment.
2
Table adapted from NRC (1994).

Table 2-2. Ideal dietary amino acid pattern and digestible amino acid requirement for male and female
broilers fed a corn-soybean meal diet from 0 to 21 d of age1.
Digestible AA
requirement 3
Amino
acid

Average
digestibility2

Ideal
ratio3

Males

Females

Total AA
requirements4
Males

Females

NRC6

Lys5
88
100
1.12
1.02
1.27
1.16
1.10
Met+Cys
88
72
0.81
0.735
0.92
0.85
0.90
Thr
88
67
0.75
0.68
0.85
0.78
0.80
Val
90
77
0.86
0.79
0.96
0.87
0.90
Arg
93
93
1.18
1.07
1.26
1.15
1.25
1
Table was adapted from Kim et al. (2006).
2
Average true amino acid (AA) digestibility were based on a 22-23% crude protein (CP) corn-soybean
meal diet
3
Digestible AA were assumed to be based on a 22-23% CP corn-soybean meal diet with 83% of CP from
soybean meal and 17% of CP from corn (Baker and Han, 1994).
4
Total ratios were as a percentage of lysine (0-21 d) from Baker and Chung (1992).
5
The lysine requirements (0-21 d) of male and female broiler were taken from Han and Baker (1993).
6
Data was retrieved from NRC (1994).
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Table 2-3. Methionine levels of methionine-rich feedstuffs (“as is” basis).
Energy ingredient
Corn2
High-Met corn
(3 floury-2 MF hybrid)3
Oats2
Naked oats

4

2

Barley

5

Hull-less barley

%
CP
8.30

%
Met
0.17

%
Cys
0.21

%
Lys
0.26

12.4

0.32

0.23

0.45

11.5

0.22

0.26

0.40

18.3

0.29

0.48

0.69

11.3

0.20

0.28

0.41

Advantages

Disadvantages
High moisture; low crop yield
Low energy; 𝛽 − gluances

High protein, fat
and ME

𝛽 − gluances
Low energy; 𝛽 − gluances

Low fiber; higher
fat and ME

𝛽 − gluances

12.7

0.19

0.24

0.46

Triticale
Triticale7
Protein ingredient

12.5
9.4

0.20
0.19

0.26
0.21

0.76
0.36

Lentils Viceroy8
Lentils 1734L8
Lentils Crimson8
Lentils Avondale8
Lentils Eston8
Lentils Merrst8
Lentils Brewer8
Potato protein concentrate2

27.0
25.1
23.5
24.3
26.3
27.4
25.8
75.5

0.22
0.22
0.23
0.23
0.24
0.25
0.24
1.92

0.25
0.25
0.28
0.26
0.28
0.30
0.31
1.28

1.78
1.70
1.66
1.69
1.73
1.85
1.80
6.40

60.2

1.49

1.10

1.03

Screw pressed de-hulled
sunflower seeds meal4

43.52

1.04

0.73

1.67

Sesame meal1

41.00

1.22

0.72

0.91

Brazil nut meal powder
De-hulled soybean meal
(expeller)6

51.1

3.35

1.15

1.51

Limited availability; high cost

43.4

0.60

0.71

2.73

Low Met content

Soy protein concentrate1

84.1

0.81

0.49

5.50

Can be considered as “synthetic” or
originated from genetically
modified grains

82.1

3.06

2.02

6.15

No organic availability; high cost

63.0

2.44

1.59

4.49

No organic availability

Fishmeal (Herring)1

72.0

2.16

0.72

5.47

Casein (dehydrated)1

87.2

2.65

0.21

7.99

Black Soldier Fly (BSF)
prepupae meal7

42.2

0.85

0.26

2.68

Limited availability

Earthworm meal4

70.7

1.29

1.06

5.01

Limited availability; heavy metals;
biohazard

Yeast (brewers dried)1
Yeast (tourla, dried)1
Algae6
Post-extracted algal
residual (PEAR) 10

44.4
47.2
33.6

0.70
0.80
0.78

0.50
0.60
1.06

3.23
3.80
1.83

30.2

0.48

---

0.60

2

Corn gluten meal

1

4

Spray-dried egg powder
(SDEW)4
Spray-dried egg blend
(70:30 white:yolk)
(SDEB)4

Low Met/CP ratio

Low Met/CP ratio

No organic availability
Limited organic availability; low
Lys

Free from protease
inhibitors

High palatability;
high digestibility

Low Lys; limited inclusion rate

Limited availability; off-flavors;
gizzard erosion
No organic availability; poor Met to
Lys ratio (12.62:1)

Unconventional ingredients

1
2

Data derived from NRC (1994).
Data derived from Blair (2008).

Limited availability
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3

Data derived from Jacob et al. (2008).
Data derived from Burley (2012); naked oats were grown at the Pennsylvania State University and
analyzed by the University of Missouri Agricultural Experiment Station Chemical Laboratories (ESCL)
(Columbia, MO); Screw pressed, de-hulled sunflower seeds were purchased from McGeary Organics, Inc.
(Lancaster, PA) and meal was produced by screw pressing with a 7 mm opening at 80 ℃ and analyzed by
ESCL; Brazil nuts meal was purchased from Essential Living Food, Inc. (Santa Monica, CA) and meal
powder was produced by cold, hydraulic pressing and analyzed by ESCL; SDEW and SDEB were
purchased from Rembrandt Enterprises, Inc. (Okoboji, IA) and values were reported by this company;
Earthworms was purchased from Uncle Jim’s Worm Farm (Spring Grove, PA) and meal was produced by
washing, freezing, and then freeze-drying worms and analyzed by ESCL.
5
Data derived from Anderson et al. (2012).
6
Data derived from Ajinomoto Heartland, Inc. (2013).
7
Triticale received from Syngenta Crop Protection, LLC (Greensboro, NC); analyses were conducted by
ESCL.
8
Lentils varieties (Viceroy, 1734L, Crimson, Avondale, Eston, Merrst, and Brewer) were received from;
individual analyses were conducted by ESCL.
9
Black Soldier Fly were raised at the Pennsylvania State University and the meal was produced by
washing, drying at 60 ℃ for approximately 3 days and analyzed by ESCL.
10
Post-extracted algae residue (PEAR) (2nd generation) was acquired from the Department of Poultry
Science, Texas A&M University (College Station, TX) and the nutrient values were received from NP
analytical laboratories (St. Louis, MO); ME (kcal/kg) value was calculated using Janssen et al. (1979)
equation (#6008) 15.51 x CP + 26.01x EE + 13.16 x NEF (for malt sprout).
4
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Table 2-4. Organic broiler starter diets formulated with varying synthetic methionine (“as is” basis).
5 lb/ton
Ingredient (%)
Corn
41.39
SBM expeller
41.69
Wheat middlings
10.00
Soybean oil
2.93
Limestone
1.38
Dical P
1.55
Salt
0.50
Vit-TM premix
0.40
DL-Met
0.17
Calculated composition
ME (kcal/kg)
3,025
Crude protein
23.68
Ether extract
7.77
Total Lys
1.31
Total Met
0.51
Total TSAA
0.90
Total Trp
0.30
Total Ile
1.00
Total Thr
0.90
Total Val
1.11
Ca
1.00
Available P
0.45
Cost ($/ton)
831
1
Table was adopted from Burley (2012).

Synthetic methionine
2 lb/ton

0 lb/ton

38.86
56.26
-1.03
0.50
1.51
0.50
0.40
0.10

15.29
78.32
-2.79
1.30
1.41
0.50
0.40
--

3,025
28.32
6.67
1.64
0.51
0.96
0.37
1.23
1.10
1.34
1.00
0.45
915

3,025
36.05
9.69
2.19
0.51
1.08
0.49
1.61
1.42
1.73
1.00
0.45
1,058
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Chapter 3
DIETARY SUPPLEMENTATION OF ENZYMES IN NAKED OAT BASED
ORGANIC DIETS TO IMPROVE METHIONINE DIGESTIBILITY AND
BROILER PERFORMANCE

ABSTRACT
Naked oats (Avena nuda L.), can be considered a high value feed that is lower in
fiber (1.7%) and higher in protein (15.5%), fat (5.6%), metabolizable energy (ME) (3,524
kcal/kg) and methionine (Met) (0.24%) compared to conventional oats, on an “as is”
basis. The objective of this study was to assess the value of naked oats as a replacement
ingredient for corn as the major dietary energy source in organic broiler diets and when
enzymes were supplemented to improve nutrient digestibility. A total of 350 one-day-old
Cobb 500 male broilers were allocated randomly to 5 dietary treatments, with 7 replicate
battery cages per treatment (10 birds/replicate). From 1 to 21 d of age, the following
experimental diets were formulated to meet Cobb 500 recommendations: 1) corn soy
control (CS), 2) naked oats replacing corn (NO), 3) naked oats + 500 g/metric ton
Rovabio Excel AP10 (R) [an organically approved combination of 19 enzymes] (NO+R),
4) naked oats + 250 g/metric ton Optiphos (O) [a phytase] (NO+O), and 5) naked oats +
500 g/metric ton Rovabio Excel AP10 + 250 g/metric ton Optiphos (NO+R+O). All
naked oat diets contained 0.1% lower Met than the CS diet and the enzymes were added
in an effort to improve digestibility of these deficient diets. Birds received a starter diet
from 0 to 10 d of age and a grower diet from 11 to 21 d of age. On d 21, all birds were
euthanized and ileal digesta was collected, freeze-dried and analyzed for amino acid
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(AA) and acid insoluble ash (AIA) concentrations and apparent ileal digestibility (AID)
was calculated. Growth, processing yields, and apparent nutrient digestibility of the diets
were evaluated. Data analysis used a one-way ANOVA with Tukey’s test for mean
comparisons and P ≤ 0.05 was considered statistically significant. Birds fed the NO+R
and NO+R+O diets had d 21 body weight gain (BWG), d 10-21 feed conversion ratios
(FCR), overall BWG, and FCR that were significantly improved compared to those fed
the NO diet. Live bird, breast, leg, wing, cage and carcass weights were also significantly
increased for the NO+R and/or NO+R+O diets compared to the NO diet. Supplementing
Rovabio Excel and/or Optiphos to the naked oats diets significantly improved the
digestibility of crude protein (P < 0.0001) and all amino acids (Met, Cys, Lys, Thr, etc; P
< 0.0001). In conclusion, Rovabio alone or in combination with Optiphos enhanced
digestibility of Met in organic naked oat based diets and improved broiler growth
performance equal to that of the CS control.

INTRODUCTION
Conventional oats (Avena sativa) are increasingly recognized as a valuable cereal
grain and have an amino acid (AA) composition superior to other cereals like wheat and
barley. However, a major constraint for oats fed to non-ruminants is the presence of hulls,
which lowers digestibility, available energy and protein content (Nyachoti et al., 2010). A
new hull-less oat grain, naked oats (Avena nuda L.), is a high value feed that is lower in
fiber, higher in protein, fat, and metabolizable energy (ME) content and more suitable for
monogastrics compared to common oats (Brand and van der Merwe, 1996; Blair, 2008;
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Macleod et al., 2008; Batal and Dale, 2011; Marshall et al., 2013). The balance of AA for
naked oats is also superior to conventional oats (Biel et al., 2014). Furthermore, naked
oats have comparable ME to corn, but with higher protein content and better AA quality
(Cave and Burrows, 1993). Previous studies have evaluated naked oats as a potential
feedstuff for poultry with (Maurice et al., 1985) or without supplemental dietary enzymes
(Farrell et al., 1991; Brenes et al., 1993). Naked oats have also been evaluated to replace
a considerable proportion of the corn and soybean meal in broiler chicken diets and it was
indicated they could be included in broiler grower diets at levels of 600 kg t-1 without
adversely affecting growth (Cave and Burrows, 1993). Maurice et al. (1985) suggested
that naked oats could be included at 400 g/kg in broiler diets with no adverse effects.
However, growth and feed efficiency were challenged by inclusion of naked oats at levels
greater than 200 kg t-1 for young chicks (Cave et al., 1989). Reduced growth has been
reported when starting broiler chickens were fed diets containing some cultivars of naked
oats, noting issues with sticky droppings and decreased nutrient availability due to the
presence of β-glucans; however, others have reported satisfactory growth in older broilers
(Cave and Burrows, 1993; Burrows, 2004).
Non-starch polysaccharides (NSP) have been found to stimulate an increase in
endogenous secretions and thereby reduce broiler performance (Larsen et al., 1993;
Angkanaporn et al., 1994; Cowieson et al., 2003). The two main NSP, 𝛽-glucans and
pentosans, are known to give rise to highly viscous conditions in the small intestine of
chicks fed naked oats based diets and contribute to reduced activity of digestive enzymes
(Lásztity, 1998; Jaroni et al., 1999; Macleod et al., 2008). Dietary supplementation of
microbial enzyme preparations in naked oats based diets can destroy β-glucans and
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pentosans and release intracellular nutrients by breaking down the cell wall, thus
allowing higher levels of naked oats incorporation (Pettersson and Åman, 1989; Brenes et
al., 1993). Farrell et al. (1991) suggested that naked oats could comprise the sole grain
source in broiler diets, provided that the diets were pelleted and supplemented with
enzyme preparations.
Another issue is that phytate phosphorus (P) is the main source of P in vegetable
seeds including naked oat. This form is a poorly available for monogastric species, which
can reduce mineral and protein absorption and increase endogenous losses (Cowieson et
al., 2004). Phytase, a phosphatase that is capable of catalyzing the release of phosphorus
from phytate, is effective in improving phosphorus availability (Huff et al., 1998) and
may also improve the retention of dietary amino acids and energy for poultry (Simons et
al., 1990; Cowieson et al., 2006; Selle et al., 2009 ).
Methionine (Met) is the first limiting AA in corn and soybean meal-based broiler
diets and critical for broiler growth performance and carcass quality (Brosnan and
Brosnan, 2006; Xie et al., 2007; Vedenov and Pesti, 2010; Mehri, 2014). Common
feedstuffs are poor sources of this AA (e.g. corn and soybean meal contain only 0.18%
and 0.67% Met, respectively) (Harmon et al., 1969; Batal and Dale, 2011). Therefore,
synthetic Met sources, such as DL-Met or its corresponding hydroxyl analogue, DL-2hydroxy-(4-methylthio) butanoic acid, are commonly used as standard dietary
supplements in commercial production to satisfy the total sulfur amino acid (TSAA)
requirement for bird growth and maintenance (Martín-Venegas et al., 2006). The current
limitation on synthetic Met inclusion in the organic poultry industry could lead to
reduced bird growth, efficiency and subsequent economic losses for the industry. The
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high crude protein (CP) diets used to compensate for the Met deficiency could also result
in environmental challenges due to increased nitrogen excretion from birds and greater
efforts to manage ammonia emissions (Kim et al., 2006).
Naked oats (0.27% Met) are higher in Met than corn (0.18%) and reports
pertaining to the benefit of enzyme treatment of naked oat-based diets are limited. The
purpose of the current study was to quantify the effects of including NSP enzymes and/or
phytase in naked oat based organic broiler diets to improve the digestibility of the
essential AA and enhance broiler performance. These strategies could lessen the need for
adding synthetic Met in organic poultry diets, which is a major benefit since use of
synthetic Met is limited in organic poultry diets (Fanatico et al., 2009).

MATERIALS AND METHODS

Ingredients
Naked oats were purchased from Semican Inc. (Plessisville, QC, Canada). The
nutrient analysis report of this ingredient is shown in Table 3-1. All nutrient and AA
analyses for the naked oats were carried out in triplicate following the AOAC methods
934.01 for moisture, 990.03 for CP, 920.39A for ether extract (EE), 978.10 for crude
fiber (CF), and 942.05 for ash and the Gehrke et al. (1987) method for determination of
Cys, Met, and nine AA at the University of Missouri Agricultural Experimental Station
Chemical Laboratories (ESCL). Mineral analyses were carried out in triplicate using the
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acid digestion method performed by the Agricultural Analytical Service Lab at the
Pennsylvania State University (Huang and Schulte, 1985).

Birds and Treatments
The experiment was approved by the Institutional Animal Care and Use
Committee at the Pennsylvania State University (IACUC #44230) and carried out at the
Poultry Education and Research Center. A total of 350 1-d-old Cobb 500 male broilers
were obtained from a local commercial hatchery (Cobb, 2012). Chicks were weighted
and randomly assigned to 5 groups with 7 replicates of 10 birds each and received
different treatments. From 1 to 21 d of age, the following experimental treatment diets
were provided: 1) corn soy control (CS), 2) naked oats in place of corn (NO), 3) naked
oats + 500 g/metric ton Rovabio Excel AP10 (R) [an organically approved combination
of 19 enzymes] (NO+R), 4) naked oats + 250 g/metric ton Optiphos (O) [a phytase]
(NO+O), and 5) naked oats + 500 g/metric ton Rovabio Excel AP10 + 250 g/metric ton
Optiphos (NO+R+O). All naked oat diets contained 0.1% lower Met than the CS diet and
the enzymes were added in an effort to improve digestibility of these deficient diets.
Birds received the starter diet from 0 to 10 d of age and grower diet from 11 to 21 d of
age (Table 3-2). Celite 545, a source of acid insoluble ash (AIA), was included as an
indigestible marker in all the grower diets at 20 g/kg for the determination of the apparent
ileal digestibility (AID) of AA of the naked oats.
Birds were housed in an environmentally controlled room, with the lighting
program in accordance with current breeder recommendations and ad libitum access to
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feed and water throughout the experiment (Cobb, 2012). The photoperiod began at 23 hr
light: 1 hr dark from 0 to 3 d of age and was then maintained at 16 hr light: 8 hr dark for
the remainder of the trial; light intensity was set to 40 lux from d 1 to d 10 and 10 lux
from d 11 to d 21. The temperature was maintained at 32.2°C from d 1 to d 3 and was
gradually reduced to 21.1°C by the end of wk 3. At 2 d of age, all birds were weighed
and redistributed within the dietary treatment for uniform body weights between cages.

Digestibility Assay
On d 21 of the experiment, all birds were weighed, euthanized and ileal digesta
was collected following methods described by Burley (2012). The terminal ileum (from
Meckel’s diverticulum to approximately 1 cm proximal to the ileo-cecal junction) was
dissected, and the digesta contents from birds within each replicate cage were gently
squeezed into a plastic container. Following collection, all samples were immediately
placed on ice, stored at -20°C, freeze-dried, and then finely ground using a mortar and
pestle. In some cases, multiple cages of freeze-dried digesta had to be pooled to yield
enough material for nutrient analysis.
Growth, processing yields, and apparent nutrient digestibility of the diets were
evaluated. Birds and feed were weighted by cage at d 0, 10, and 21 to determine average
body weight (BW), BW gain (BWG), and feed intake (FI) and feed conversion ratio
(FCR) was calculated for starter period (d 0-10), grower period (d 10-21) and the entire
duration of experiment (d 0-21). Daily mortality and culls were recorded and used to
correct performance criteria
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Nutrient Analysis
Representative feed samples (in triplicate) were taken at the beginning of feeding
periods for proximate and AA determination. All pooled, freeze-dried ileal digesta
samples were analyzed for complete AA profile, CP and AIA contents at the ESCL
(Columbia, MO). Amino acid, CP and moisture (using a vacuum oven) were determined
by AOAC (2006) methods 982.30 E (a, b, c), 990.03 and 934.01, respectively. The AIA
contents of diet and digesta samples were measured using the AOCS (2006) method Ba
5b-68.

Calculations
The apparent ileal digestibility (AID) coefficient of AA for each diet was
calculated on a DM basis as shown below (units are g/100g DM) using Celite 545 in all
the grower treatment diets at 20 g/kg as the AIA marker (Lemme et al., 2004; Ravindran
et al., 2005; Ravindran, 2013). Celite was added to increase the AIA fraction and to
improve the precision of the measurement (Ravindran et al., 1999).
AID coefficient= [(AA/AIA)d – (AA/AIA)i]/ (AA/AIA)d
Where, Mean (AA/AIA)d = ratio of AA to AIA in diet; and (AA/AIA)i = ratio of AA to
AIA in the ileal digesta. Mean AA and AIA values (triplicate diet samples) were used to
calculate AD of AA of each pooled freeze-dried digesta sample. Apparent values for all
digesta samples were then averaged for each diet.
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Statistical Analysis
The PROC MIXED procedure of SAS software version 9.4 (SAS, 2013) was used
to analyze the effect of supplementation of Rovabio Excel AP10 and Optiphos in naked
oats based organic diets on broiler performance and AA digestibility. Statistical
differences between dietary treatments were determined using a one-way ANOVA and
Tukey’s test for multiple mean comparisons (Steel and Torrie, 1980). P-values ≤ 0.05
were considered statistically significant.

RESULTS AND DISCUSSION
Feed Analyses
The results of the naked oat nutrient analyses are shown in Table 3-1. The current
study showed that the naked oats had lower fiber and higher energy, lipids and CP
compared with the conventional hull-on oat grain, which is consistent with the report of
Biel et al. (2014). Naked oats also had higher Met, lysine (Lys), and cysteine (Cys)
content comparatively. Similar findings have also been noted by other authors (Brand et
al., 2003; Sykut-Domańska et al., 2013). Methionine, Lys, and Cys are more concentrated
in the naked oats compared to the conventional oats (Fanatico, 2010). These differences
in CF, CP and energy could be explained by the higher fiber content in conventional oats
(26% hull) (Todorov, 1988). Furthermore, the CP (15.4%) and Met content (0.24%) of
naked oats exceeded that of other cereal grains such as hulless barley (0.19% Met) and
wheat (0.19% Met) (McNab and Boorman, 2002).
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The analyzed CP and AA concentrations of the five treatment diets are shown in
Table 3-2. Analyzed CP concentrations were lower than formulated values for all diets.

Performance
Effects of the dietary treatments on BW, BWG, FI, FCR, and mortality are shown
in Table 3-3. Chick BW did not differ among the experimental treatments on d 1. At 10 d
of age, the BW, BW gain, feed intake, FCR, and mortality were not affected by
treatments. During the grower phase (d 10 to 21), supplementing Rovabio Excel to the
naked oats diets increased (P < 0.05) the BW (25.5%), BWG (44.6%) and FCR (19.8%)
relative to the NO diet, but had no effect (P > 0.05) on mortality. Supplementing
Optiphos alone to naked oats diets had no benefits and results were not statistically
different (P > 0.05) compared to the NO diet. Adding Rovabio Excel together with the
Optiphos to the naked oats diet improved d 21 BW (11.2%), BWG (1.7%), and overall
BWG (2.4%) and FCR (4.62%) significantly compared to birds fed the NO diet (P <
0.05).
There was no significant difference in 21 d BW, BWG from 10 to 21 d and overall
BWG, 10 to 21 d FI, and FCR from 10-21 d and overall FCR between the CS control
group and the oat based diets group receiving Rovabio alone or in combination with
Optiphos, indicating the chicks received nutritional benefits from the Rovabio Excel
supplementation. It is likely that the nutritional value of naked oat based diets for broilers
can be improved with the supplementation of Rovabio Excel, which mainly provides an
exogenous 1,3(4)-beta-glucanase and endo-1,1-beta-xylanase. It is known that the
predominant NSP in the endosperm cell walls of barley and oats are mixed-linked 𝛽-
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glucans in rye, wheat and their hybrid crossed, e.g. triticale (Pettersson and Åman, 1989;
Brenes et al., 1993). There have been a number of papers published to assess the efficacy
of NSP-degrading enzymes to enhance the nutritive quality of cereals (Brenes et al.,
1993; Engberg et al., 2004; Cowieson and Adeola, 2005; Wang et al., 2005). The results
of the study herein are in agreement with many. Brenes et al. (1993) demonstrated that
dietary enzyme addition resulted in remarkable improvements (P > 0.05) in weight gain
and feed efficiency of Leghorn chicks fed hull-less barley and naked oat based diets.
Cowieson et al. (2005) observed an increase in FCR and BWG of broilers fed a wheat-rye
based diet with dietary supplementation of xylanase. Wang et al. (2005) similarly
reported an increase in FCR and BWG of broilers fed a wheat-based diet supplemented
with xylanase and glucanase. According to Pettersson and Åman (1989), the improved
performance has been attributed to the viscosity reduction via the breakdown of 𝛽glucans or pentosans and/or to a partial digestion of cereal walls leading to release of
intracellular nutrients. Compared to supplementing Optiphos alone, Rovabio Excel alone
or in combination with Optiphos improved BWG and FCR during the 10 to 21 d and
overall period (P < 0.05), and reduced 10 d and 21 d mortality (P < 0.05).
Methionine is the first limiting AA in corn and soybean meal-based poultry diets
and critical for poultry growth performance and carcass quality (Brosnan and Brosnan,
2006; Xie et al., 2007; Vedenov and Pesti, 2010; Mehri, 2014). In this study,
supplementing Rovabio Excel to the naked oats diets limiting in Met increased the BW
(25.5%), BWG (44.6%) and FCR (19.8%) relative to NO diet with no enzyme
supplementation (P < 0.05), suggesting that the release of the nutrients, particularly
essential AA like Met and Lys encapsulated in the cell wall by the mechanism of the 𝛽-
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glucanase and xylanase that could contribute to the beneficial changes in performance of
the broilers.
The results of the mean BW, processed carcass weight, carcass part weight and
parts yields are shown in Table 3-4. The diet supplemented with Rovabio Excel alone
significantly improved live bird BW (P = 0.002), breast wt (P = 0.0001), leg wt (P =
0.0001), cage wt (P < 0.0001) and carcass wt (P < 0.0001) compared to those fed the NO
diet with no enzyme supplementation. In the current study, the control diet was a typical
corn-soybean meal diet, while naked oats diets were formulated to 0.5% lower Met
content. Supplementing naked oat diets with Rovabio Excel increased (P < 0.05) the live
wt (33.7%), breast wt (49.8%), leg wt (48.7%), carcass wt (45.1%) and sum of weighted
carcass parts (45.1%) relative to the Met deficient naked oats diet without any added
enzymes.
Effects of dietary treatments on the apparent ileal AA digestibility are summarized
in Table 3-5. Compared to birds fed the NO diet, supplementing Rovabio Excel enhanced
(P < 0.05) the ileal digestibility of aspartic acid, threonine, glutamic acid, proline,
glycine, alanine, Cys, valine, Met, isoleucine, leucine and Lys from 12.4% to 19.8%.
Optiphos alone enhanced (P < 0.05) the AID of the same 12 AA from 10.5% to 19.1%. In
combination, Rovabio Excel plus Optiphos increased (P < 0.05) the ileal digestibility of
the same 12 AA from 12.8% to 19.3%. For 10 of the 12 AA measured (i.e. aspartic acid,
glutamic acid, proline, glycine, alanine, valine, Met, isoleucine, leucine and Lys), the
significant increases in AID to Rovabio plus Optiphos were of greater magnitude and
percentage increase than the sum of the increases of the enzymes fed individually. In
conclusion, Rovabio Excel increased AID coefficients of 12 AA by an average of 15.1%,
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Optiphos by an average of 14.2% and the combination by an average of 15.9%. Rovabio
Excel is a combination of 19 enzymes produced by a strain of Penicillium funiculosum,
which is a filamentous fungus. Rovabio Excel mainly works as an endo-1,3(4)-betaglucanase and an endo-1,1-beta-xylanase for poultry. Bedford (2000) indicated that
xylanase and 𝛽-glucanase could improve performance of broilers fed wheat- or barleybased diets by facilitating intestinal viscosity reduction. High intestinal viscosity is
responsible for reduced poultry growth performance, nutrient digestibility and is also
associated with the detrimental changes in the microbial flora within the distal
gastrointestinal tract (Choct and Annison, 1992; Adeola and Bedford, 2004; Cowieson et
al., 2005). Furthermore, it is likely that the release of the nutrients encapsulated in the cell
wall by the action of the xylanase and 𝛽-glucanase could contribute to the beneficial
effects on growth performance, nutrient retention, reduced incidence of sticky droppings
and wet litter due to the beneficial effects of the benign microbial flora in the GI tract
(Cowieson et al., 2006).
The AID for CP, EE and ash are also shown in Table 3-5. Supplementing Rovabio
Excel to naked oats diets enhanced the AID of CP (P < 0.0001) and EE (P < 0.0001) by
20.2% and 26.9%, compared to the NO diet without enzyme supplementation. Optiphos
improved the AID of CP (P < 0.0001) and EE (P < 0.001) by 21.5% and 16.9%,
respectively. Rovabio Excel plus Optiphos significantly increased the digestibility of CP
by 20.9 % and EE by 20.9 % (P < 0.0001). Similarly, Friesen et al. (1992) reported that
apparent protein digestibility was significantly increased for naked oat diets (P < 0.01)
when a crude cellulose (Trichoderma viride) enzyme was added. Enzymes have been
shown to benefit birds by improving performance and nutrition digestibility when added
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to poultry diets containing cereals, such as barley (Van Der Klis et al., 1993; Choct et al.,
1999). Therefore, this suggests that Rovabio may improve protein digestibility or
utilization of the nutrients. It also has been shown by Pesti (2009) that broiler growth can
increase linearly with greater levels of dietary CP and availability of essential AA.
Additionally, apparent ME (AME) for naked oats depends on the nutritive value of the
cultivar, its content of water soluble 𝛽-glucans and the resulting digesta viscosity (Friesen
et al., 1992; Macleod et al., 2008). Previous studies demonstrated that supplementing
NSP-hydrolysing enzymes could contribute to a considerable improvement in the AME
of cereal-based diets by increasing nutrient digestibility (fat, starch) and partially as a
result of the NSP itself being a substantial energy source for the birds (Van Der Klis et
al., 1993; Choct et al., 1999). Increased availability of Met due to dietary
supplementation of Rovabio Excel in naked oats diets may have led to the observed
increased breast wt (49.8%) and percentage (7.4%) compared to naked oat diet without
enzyme supplementation, since sulphur-containing AA (SAA) can stimulate breast meat
deposition (Esteve‐Garcia and Llauradó, 1997). It is likely that increased (P < 0.0001)
digestible CP (20.2%), EE (26.9%), Met (20.8%) and all the other AA (Cys, Lys, Thr,
etc;) in the NO+R diet contributed to these improvements when Met was clearly limiting
in all the naked oats diets.
Previous studies have established that phytase can effectively improve P
availability (Huff et al., 1998) and increase dietary AA and energy retention for poultry
(Simons et al., 1990; Cowieson et al., 2006; Selle et al., 2009 ). In the current study, AID
of all the AA and ash was improved by Optiphos supplementation (250 mg/kg) (P <
0.0001) (Tabel 3-5). It is likely that phytase supplementation increased the availability of
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proteins and minerals bound to the phytic acid by enhancing the phytic acid hydrolysis
(Sebastian et al., 1997). However, in the current study, exogenous phytase
supplementation in the NO+O diet had no obvious effects on growth performance or
processing yields compared to the NO diet without enzyme addition (P > 0.05). One
possible explanation is that available P was adequate in the all the naked oats diets in this
case. Sebastian et al. (1997) reported that phytase supplementation in a corn-soybean
meal diet increased growth performance in the male and female broilers and enhanced the
AID and apparent fecal digestibility (AFD) of most of the AA in female broilers.
However, dietary phytase had no effects on AFD of CP or any of the AA in male broiler
chickens. Similarly, it was reported that semi-purified phytase or crude phytase
supplementation had no significant effects on CP digestibility in canola meal based diets
for broiler chickens (Newkirk and Classen, 1995).
In conclusion, the data obtained from the current study demonstrated that
supplementing Rovabio Excel AP 10 (500 mg/kg) alone or in combination with Optiphos
(250 mg/kg) improved growth performance, processing yields, and AID of all AA, CP
and ash compared to the NO diet without enzyme addition in 21-d-old female broilers (P
< 0.05). The improved growth performance, processing yields, and AID of AA, CP, and
ash (except AID of EE) observed in the lower-Met (0.1%) NO+R and NO+R+O diets
were comparable to the CS diet (P > 0.05). Optiphos supplementation enhanced (P <
0.0001) the AID of CP and ash, indicating phytase enhanced the phytic acid hydrolysis
and increased the availability of phytic acid bound AA and minerals. However, Optiphos
(a phytase) had no effects on growth performance or processing yields (P > 0.05).
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Table 3-1. Nutrient composition of naked oats (“as is” basis) 1.
Nutrient (%)
GE(kcal/kg)
3,781
ME(kcal/kg)2
3,524
Dry matter
89.11
Crude protein
15.47
Ether extract
5.60
Crude fiber
1.70
Ash
1.66
Amino acid (%)
Met
0.24
Cys
0.40
Lys
0.63
Asp
1.22
Thr
0.49
Leu
1.15
Iso
0.60
Val
0.83
Gly
0.74
Glu
3.18
Ala
0.71
Pro
0.82
1
Naked (de-hulled) oats were purchased from Semican Inc. (Plessisville, QC, Canada); analyses were
completed by the University of Missouri Agricultural Experimental Station Chemical Laboratories (ESCL)
(Columbia, MO).
2
ME (kcal/kg) values were sourced from Maurice et al. (1985).
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Table 3-2. Experimental diets composition (“as is” basis)1.
Starter diets (1-10 d) 2
NO
NO+R NO+O NO+R+O

Grower diets (11-21 d) 2
NO
NO+R NO+O NO+R+O

CS
CS
Ingredient %
Corn
39.8
--------42.7
--------Naked oats
--57.1
57.1
57.1
57.2
---65.4
65.5
65.5
65.5
SBM expeller
43.5
32.0
32.0
32.0
32
39.4
25.5
25.5
25.5
25.6
Wheat midds
10.0
6.90
6.80
6.80
6.7
9.90
5.30
5.20
5.20
5.10
Corn oil
2.70
--------3.40
--------Limestone
1.48
1.53
1.53
1.53
1.53
1.28
1.34
1.34
1.34
1.34
Dical P
1.52
1.60
1.60
1.60
1.60
1.37
1.46
1.46
1.46
1.46
Salt
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
Vit-TM premix3
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
DL-Met
0.15
0.03
0.03
0.03
0.03
0.14
0.03
0.03
0.03
0.03
Rovabio Excel
----0.05
--0.05
----0.05
--0.05
Optiphos
------0.025
0.025
------0.025
0.025
Celite4
----------1.00
1.00
1.00
1.00
1.00
Calculated
composition 5
ME(kcal/kg)
3,035 3,035 3,035
3,035
3,035
3,108 3,108 3,108
3,108
3,108
Crude protein
24.4
25.0
25.0
25.0
25.0
23.0
23.2
23.3
23.3
23.3
Lys
1.36
1.32
1.32
1.32
1.32
1.27
1.19
1.19
1.19
1.19
Met
0.50
0.40
0.40
0.40
0.40
0.48
0.38
0.38
0.38
0.38
Met + Cys
0.90
0.92
0.92
0.92
0.92
0.86
0.89
0.89
0.89
0.89
Trp
0.31
0.35
0.35
0.35
0.35
0.29
0.32
0.32
0.32
0.32
Ca
1.00
1.00
1.00
1.00
1.00
0.90
0.90
0.90
0.90
0.90
Available P
0.45
0.45
0.45
0.45
0.45
0.42
0.42
0.42
0.42
0.42
Analyzed nutrients6
Dry matter
89.8
89.9
90.3
90.3
90.2
90.6
90.3
90.5
90.2
90.0
Crude protein
20.2
20.6
21.1
21.0
20.9
19.0
19.7
19.8
19.8
19.5
Ether extract
10.1
7.2
7.3
7.3
7.2
10.8
6.5
5.7
5.8
5.8
Crude fiber
4.0
3.4
3.4
3.2
2.9
3.9
3.4
2.8
2.7
2.7
Ash
6.6
6.6
6.6
6.7
6.7
7.3
6.9
7.0
7.0
7.2
Met
0.45
0.34
0.36
0.35
0.35
0.45
0.31
0.33
0.33
0.32
Cys
0.33
0.41
0.41
0.42
0.43
0.32
0.41
0.40
0.40
0.42
Met + Cys
0.78
0.75
0.77
0.77
0.78
0.77
0.72
0.73
0.73
0.74
Lys
1.14
1.12
1.12
1.09
1.16
1.07
1.00
1.01
1.03
1.07
Asp
2.00
2.00
2.01
1.96
2.05
1.87
1.78
1.85
1.82
1.88
Thr
0.74
0.73
0.73
0.73
0.75
0.69
0.66
0.68
0.67
0.69
Leu
1.61
1.52
1.53
1.53
1.57
1.52
1.42
1.43
1.41
1.47
Iso
0.77
0.79
0.79
0.78
0.81
0.72
0.71
0.73
0.71
0.74
Val
0.89
0.99
0.98
0.98
1.01
0.85
0.92
0.92
0.92
0.96
Gly
0.89
0.97
0.97
0.96
1.00
0.85
0.93
0.92
0.92
0.96
Glu
3.52
3.95
3.98
3.93
4.04
3.34
3.72
3.71
3.67
3.82
Ala
0.95
0.94
0.94
0.94
0.97
0.92
0.89
0.88
0.89
0.92
Pro
1.14
1.07
1.06
1.07
1.07
1.15
1.00
0.99
1.00
1.02
1
Diets were fed in mash from d 0 to 21. All diets were formulated to Cobb 500 recommendations. All amino acids
were formulated based on total requirement. All naked oat diets contained 0.1% lower Met level than the CS diet and
the enzymes were added in an effort to improve digestibility of these deficient diets.
2

CS = Corn Soybean Control diet; NO = Naked Oats diet; NO+R = Naked Oats + Rovabio diet; NO+O =
Naked Oats + Optiphos diet; and NO+R+O = Naked Oats + Rovabio + Optiphos diets.
3

Supplied per kilogram of diet: vitamin A, 7,937 IU; vitamin D, 2,646 IU; vitamin E, 19.8 IU; riboflavin, 5.3 mg;
pantothenic acid, 9.3 mg; niacin, 39.7 mg; choline, 401 mg; vitamin B12, 10.6 μg; biotin, 66.0 μg; Mn, 79.4 mg; Fe,
33.1 mg; I, 1.0 mg; Cu, 5.3 mg; Zn, 66.1 mg; and Se, 180 μg.
4
Celite were purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO), a naturally occurring soft, chalklike rock, which served as the indigestible marker in current study (Beaman et al., 2012).
5
Calculated nutrient content was based on ingredient composition data (NRC, 1994).
6
All diets analyzed in triplicate at the University of Missouri Agricultural Experiment Station Chemical
Laboratories (ESCL) (Columbia, MO).

95
Table 3-3. Influence of treatment on body weight (BW, kg/bird), BW gain (BWG, kg/bird), feed intake (FI,
kg/bird), feed conversion ratio (FCR, kg feed/kg weight gain) and mortality1.
Item
CS
NO
NO+R
NO+O
NO+R+O
SEM2
P-value
BW,
0 d, g
42.7
41.9
42.3
41.8
42.2
0.295
0.2304
10 d, kg
0.194
0.204
0.223
0.205
0.222
0.010
0.1791
21 d, kg
0.696ab
0.588b
0.738a
0.653ab
0.728a
0.030
0.0084
BWG, kg
0 to 10 d
0.149
0.157
0.180
0.163
0.180
0.011
0.2125
10 to 21 d
0.490a
0.343b
0.496a
0.349b
0.493a
0.021
<0.0001
0 to 21 d
0.639a
0.500b
0.676a
0.512b
0.673a
0.027
<0.0001
Feed intake, kg
0 to 10 d
0.208
0.244
0.239
0.226
0.232
0.012
0.2848
10 to 21 d
0.776ab
0.761b
0.894a
0.865ab
0.874ab
0.031
0.0122
0 to 21 d
0.984b
1.005ab
1.132a
1.091ab
1.106ab
0.037
0.0246
FCR, kg feed/kg BW
0 to 10 d
1.506
1.630
1.331
1.395
1.290
0.111
0.2146
10 to 21 d
1.588b
2.247a
1.800b
2.518a
1.776b
0.085
<0.0001
0 to 21 d
1.541b
2.056a
1.676b
2.151a
1.645b
0.060
<0.0001
Mortality, %
0 to 10 d
4.29
8.57
2.86
1.43
0.00
3.30
0.3783
10 to 21 d
5.24b
14.4ab
7.30b
30.1a
4.29b
4.15
0.0010
0 to 21 d
10.0b
21.4ab
10.0b
31.4a
4.29b
5.50
0.0054
a-b
Means within the same column with no common superscript differ significantly (P ≤ 0.05).
1
CS = Corn Soybean Control diet; NO = Naked Oats diet; NO+R = Naked Oats + Rovabio diet; NO+O =
Naked Oats + Optiphos diet; and NO+R+O = Naked Oats + Rovabio + Optiphos diets.
2
SEM = Pooled standard error of the means.
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Table 3-4. Mean processing weight (g) at 21 days of age 1, 2.
Wings4
Cage
Sum of
Percent
w/skin
w/skin5 Carcass
carcass6
yield7
Mean processing weight (g)
CS
791.0a
107.0a
162.5a
63.6a
168.2a
503.2a
501.3a
bc
b
b
bc
bc
b
NO
581.7
62.7
112.2
43.5
123.5
343.0
341.8b
NO+R
777.5a
93.9a
166.8a
57.1ab
178.3a
497.8a
496.0a
NO+O
544.3c
61.0b
103.4b
40.9c
107.6c
315.0b
312.9b
NO+R+O 760.0ab
90.5ab
162.5a
59.0a
167.3ab
480.7a
479.3a
SEM3
43.15
7.33
10.92
3.34
10.38
29.95
29.92
P-value
0.0002
0.0001
0.0001
<0.0001 <0.0001 <0.0001
<0.0001
Percent of carcass weight (%)
CS
21.3a
32.4
12.7ab
33.6
63.3a
b
ab
NO
17.6
32.6
13.1
36.8
58.1ab
ab
b
NO+R
18.9
33.6
11.6
35.9
63.9a
ab
a
NO+O
19.4
32.7
13.4
34.5
56.7b
ab
ab
NO+R+O
18.9
33.8
12.3
35
63.4a
3
SEM
0.75
0.48
0.45
0.89
1.56
P-value
0.014
0.1562
0.0424
0.0989
0.0052
a-b
Means within the same column with no common superscript differ significantly (P ≤ 0.05).
1
Percentage data analyzed with an arcsine transformation.
2
CS = Corn Soybean Control diet; NO = Naked Oats diet; NO+R = Naked Oats + Rovabio diet; NO+O =
Naked Oats + Optiphos diet; and NO+R+O = Naked Oats + Rovabio + Optiphos diets.
3
SEM = Pooled standard error of the means.
4
Wings include humerus, radius-ulna, and metacarpals with skin.
5
Cage includes kidneys.
6
Sum of carcass = breast w/o skin or bone + legs w/skin + wings w/skin + cage w/breast
skin.
7
Percent yield = (sum of carcass/live weight) x 100.
Diet1

Live
weight

Breast
w/skin,bone

Legs
w/skin
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Table 3-5. Apparent amino acid digestibility (%)1.
Diet2
CS
NO
NO+R
NO+O
NO+R+O
SEM3
P-Value

Asp%
72.6a
58.3b
74.7a
72.9a
75.4a
2.02
<0.0001

Thr%
66.0a
49.2b
69.0a
67.4a
68.5a
2.28
<0.0001

Glu%
81.3a
71.8b
84.2a
82.3a
85.0a
1.46
<0.0001

Pro%
76.0a
59.5b
74.7a
73.4a
75.4a
2.16
<0.0001

Gly%
Ala%
Cys%
Val%
70.0a
73.8a
62.7a
70.7a
b
b
b
51.5
57.8
39.4
59.5b
a
a
a
66.9
72.9
55.4
73.5a
a
a
a
67.8
72.6
58.5
72.7a
a
a
a
68.0
74.0
56.4
75.5a
2.27
2.02
3.1
2.11
<0.0001
<0.0001
0.0001
<0.0001
Crude
Ether
Met%
Iso%
Leu%
Lys%
protein% extract%
Ash%
CS
85.6a
71.3a
78.4a
77.7a
74.0a
88.6a
44.3a
c
b
b
b
b
c
NO
66.7
59.0
67.4
62.3
61.3
63.3
27.8b
ab
a
a
a
a
ab
NO+R
80.6
75.0
80.7
75.7
73.7
80.3
46.8a
b
a
a
a
a
bc
NO+O
79.4
72.7
78.9
74.4
74.5
74.0
45.3a
ab
a
a
a
a
bc
NO+R+O
80.7
76.0
81.0
77.2
74.1
76.5
45.7a
3
SEM
1.60
2.20
1.79
2.34
1.57
3.33
2.07
P-Value
<0.0001
<0.0001
<0.0001
0.0003
<0.0001
<0.0001
<0.0001
a-b
Means within the same column with no common superscript differ significantly (P ≤ 0.05).
1
Percentage data analyzed with an arcsine transformation.
2
CS = Corn Soybean Control diet; NO = Naked Oats diet; NO+R = Naked Oats + Rovabio diet; NO+O =
Naked Oats + Optiphos diet; and NO+R+O = Naked Oats + Rovabio + Optiphos diets.
3
SEM = Pooled standard error of the means.
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Chapter 4
IMPACT OF DIETARY BLACK SOLDIER FLY PREPUPAE MEAL ON
BROILER PERFORMANCE

ABSTRACT
The current study was to evaluate Black Soldier Fly (Hermetiu illucens) prepupae
meal as an alternative insect-based dietary protein source for organic broilers. In the
present study, adult flies were bred and the inoculated eggs were hatched into larvae at
the Pennsylvania State University (PSU) Agricultural Science Industries greenhouses.
The larvae were grown on a media of 80% hen manure collected from the Poultry
Education and Research Center and 20% kitchen waste collected from the dining halls at
PSU. After the first 14 days of growth, the larvae gradually turned from creamy white
into black prepupae. At this stage, the prepupae left the growth media and were selfharvested by crawling up a ramp and falling into a tray underneath. After prepupae were
washed, dried, ground to pass through a 1-mm screen, and they were then fully mixed to
generate a homogeneous Black Soldier Fly (BSF) prepupae meal. The nutrient
composition of BSF was analyzed and determined to contain 42.2% crude protein (CP),
26.6 % ether extract (EE), and 0.85 % methionine (Met), on an “as is” basis, with 95.9%
dry matter. A total of 280 one-day-old Cobb 500 straight run broilers were randomly
placed into four dietary treatments with 0, 2, 4, and 6% BSF supplemented and with 7
replicate cages per treatment (10 birds/replicate). Birds were fed a starter diet from 0-7 d
of age and a grower diet from 8-21 d of age. Body weight (BW) and feed intake (FI)
were measured weekly for each battery cage. At d 21 of the feeding trial, all birds were
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slaughtered and processed to determine carcass and parts yield. Data was analyzed using
a one-way ANOVA with Tukey’s test for means comparison and statistical significance
was established at P ≤ 0.05. Birds fed different inclusion rates of BSF did not differ in
BW, body weight gain (BWG), mortality or processing yields (P > 0.05) for the entire
experiment period. The highest level of BSF (6%) reduced FI for 7-14 d and the entire
experimental period relative to the organic corn/soy (CS) control (P < 0.05). Similarly,
the highest inclusion level of BSF (6% BSF) had better feed conversion ratio (FCR) for
14-21 d and the overall period compared to the CS diet. Different dietary inclusion levels
of BSF had no effect on processing yields compared to the CS diets (P > 0.05). In
conclusion, the current study indicated that BSF was a suitable nutrient supplement due
to its high CP, high EE, and favorable amino acid profile for broiler at a moderate
inclusion rate (4% BSF) to obtain the optimal growth and performance and the highest
inclusion level (6% BSF) was the most economical. Black Soldier Fly prepupae meal
might be a feasible dietary ingredient for organic poultry production, however, high ash
and calcium contents would limit the inclusion levels.

INTRODUCTION
About 43% of all commercially prepared feed is fed to poultry and feed costs
represent approximately 60% of the cost of poultry production (Donohue and
Cunningham, 2009). Protein, which is essential to poultry growth, is regarded as the most
expensive ingredient in the diets of poultry. Shortages of available high-quality proteins
sources such as fishmeal and soybean meal has posed challenges to the poultry industry
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(Fry et al., 1965; Verbeke et al., 2015). Currently, there is increasing interest in exploring
alternative proteins to meet the great protein demand for food and feed production
worldwide (Ramos‐Elorduy, 1997; Ramos-Elorduy and Paoletti, 2005). Insects play a
significant role in recycling many forms of low-grade bio-waste to produce high protein
insect biomass, and thus insects can fulfill some of the global demand for protein (van der
Poel et al., 2013; Verbeke et al., 2015). Over 2,000 edible insect species have been
identified worldwide and insects and their protein fraction have been proposed as a
sustainable source of poultry feed as they are rich in high quality proteins as well as have
high levels of polyunsaturated fatty acids (PUFA) and minerals, e.g. iron and zinc
(Ramos‐Elorduy, 1997; Anand et al., 2008; Rumpold and Schlüter, 2013; van der Poel et
al., 2013; Makkar et al., 2014). Insects have been documented to contain 42-63% crude
protein (CP) with high levels of essential amino acids (AA) which are superior to
conventional soybean meal and fishmeal used in poultry diets (van der Poel et al., 2013).
In terms of protein yield, nutritional value, nutrient digestibility and environmental
sustainability, three insects species namely Black Soldier Fly (BSF) Hermetia illucens
(Diptera: Stratiomyidae), yellow mealworm Tenebrio molitor, and the domestic housefly
Musca domestica (Diptera: Muscidae) are of special interest as suitable alternatives for
poultry feed ingredients (van der Poel et al., 2013). Furthermore, the chitin
polysaccharide of the insect cuticle layer has commercial value in medicines and
cosmetics due to its high nitrogen content (6.9%) compared to synthetic cellulose
(1.25%) (Diener et al., 2011b).
Black Soldier flies occur worldwide in tropical and warm-temperature regions and
a common native insect to the southeastern United States (Zhang et al., 2010; Diener et
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al., 2011a). As a voracious consumer, BSF larvae can be reared on various forms of
organic matter including rotting fruit and vegetables, kitchen waste, spoiled feed, animal
manure and human excreta (Newton et al., 2005a). Studies have demonstrated BSF larvae
are an efficient tool in managing waste as well as producing feedstuffs high in CP and
ether extract (EE) for poultry and fish (Sheppard et al., 1994; St-Hilaire et al., 2007a; van
der Poel et al., 2013). Diener et al. (2011a) evaluated BSF larvae as a municipal organic
waste management tool by converting 151 kg dry weight (DW) of organic waste to 17.8
kg DW of BSF prepupae mass, which reduced the waste mass by 68%. Newton et al.
(2005 a) processed 169 kg of fresh swine manure (68 kg DW) with BSF larvae in 14 days
yielding 2.7 kg DW of larvae biomass with a 39% waste reduction. Sheppard et al. (1994)
similarly reported 5,240 kg of fresh chicken manure was treated by BSF larvae yielding
196 kg of fresh larvae mass with a 50% waste reduction. Li et al. (2011) demonstrated
that a colony of 1200 Black Soldier Fly larvae converted 1248.6 g of fresh dairy manure
into 15.8 g biodiesel and 54.4 g of larvae in 21 days, the remaining digested dairy manure
was hydrolyzed to regenerate 96.2 g of sugar, thereby recycling dairy waste into clean
energy, animal feedstuffs and reducing environment pollution at the same time.
In the wild, BSF larvae/prepupae are natural dietary components of foraging
chickens and fish (Newton et al., 2005a; Verbeke et al., 2015). The nutritional value and
digestibility of dried BSF larvae, grown on swine waste, has been used satisfactorily as a
feed additive for young chicks (Hale, 1973). The author demonstrated that young chicks
fed BSF meal as a protein supplement in the diet maintained body weight (BW) at 96%
(P > 0.05) of chicks fed soybean meal plus fat, but they only consumed 93% (P < 0.05)
as much feed. Elwert et al., (2010) showed that AA pattern of full-fat BSF meal was
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similar to fishmeal, and after 10 days broilers fed full-fat BSF meal yielded similar BW
compared to the birds fed fishmeal diet. In this study, BSF larvae meal with decreasing
level of fat (37, 22, and 15%) were supplemented to provide similar amounts of CP in
broiler diets compared to the control diet with fishmeal as the major protein source.
Increasing level of mechanical de-fatting the BSF larvae meal reduced feed intake (FI)
and decreased BW compared to the control, indicating future studies needed to determine
the optimal inclusion rates in broiler diets. Similarly, BSF larvae have been fed
experimentally to several animal species other than poultry by substituting soybean or
fish meal in the diet (Newton et al., 1977; Newton et al., 2007; St‐Hilaire et al., 2007a).
Black Soldier Fly larvae were found to be a suitable feedstuff for growing pigs without
reducing FI due to its favorable AA profile, lipids and calcium content; however, the high
ash and relative deficiency in Met and cysteine (Cys) limited its use in a balanced diet
(Newton et al., 1977). Furthermore, BSF meal has been widely studied as a partial or full
substitute for fishmeal in the fish diets (Newton et al., 2007; St‐Hilaire et al., 2007a).
In addition to the protein production, house fly larvae have been recognized as a
management tool to reduce manure volume and change its composition (Calvert et al.,
1970; Teotia and Miller, 1973; Miller et al., 1974; Teotia and Miller, 1974; Morgan and
Eby, 1975). Similarly, BSF larvae has been studied extensively and proposed as a
valuable tool to manage municipal organic waste (Diener et al., 2011a), faecal sludge
(Lalander et al., 2013), and dairy (Li et al., 2011), beef cattle (Newton et al., 1977), hen
(Sheppard, 1983; Sheppard et al., 1994; Newton et al., 2005a), and swine manure
(Newton et al., 1977). Sheppard (1983) reported that BSF larvae reduced caged hen
manure up to 56%. Newton et al. (2005a) similarly reported that BSF prepupae recycled
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nitrogen (N) and phosphorous (P) from the hen and swine manure into BSF larvae
biomass with 40% CP and 30% EE, while reducing manure residues, with the remaining
manure residues utilized as compost. Because of its high nitrogenous and phosphorous
levels, poultry manure has the potential for eutrophication and nitrite contamination of
water and ammonia emissions to the air (Fanatico et al., 2009). Therefore, because of the
1.3 billion tons of all kinds of organic by-products produced globally each year, the BSF
larvae is considered a sustainable and environmentally friendly waste management tool
(NRC, 2015; van Huis et al., 2015).
Several studies have demonstrated that BSF are not a vector of diseases and are
not a common pest to humans like house flies because the adult BSF can rely on their
triglycerides body fat reserved, therefore they are not interested in contact with human or
animal’s foods (Diener et al., 2011a; Nguyen et al., 2013). A study by Sheppard et al.
(1994) demonstrated that BSF larvae converted poultry manure to a 42% protein, 35% fat
feedstuff, reduced manure volume by 50% (62% reduction of N) and eliminated housefly
breeding by 94 to 100%. Moreover, it was reported that BSF larvae significantly reduced
E. coli 0157:H7 and Salmonella enterica in the hen manure (Erickson et al., 2004). Black
Soldier flies have the ability to compete with house flies on food sources and thus
suppress the number of house flies as disease vectors and reducing bacteria growth, and
the chance of transmitting pathogens, resulting in improved animal health as well as
reduced pathogen content in the processed manure. It has been determined that the
microorganisms that infect BSF are not able to infect vertebrates; however, rearing
methods and processing techniques are needed to prevent any pathogens, toxins or heavy
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metals from incorporation into larvae tissue, then into a potential feed ingredients (van
der Poel et al., 2013).
Methionine (Met) is the first limiting AA in corn and soybean meal-based broiler
diets since the common feedstuffs are both deficient in Met, containing only 0.18% and
0.67% Met, respectively (Blair, 2008; Fanatico, 2010; Burley, 2012). Methionine is
critical for poultry growth performance and carcass quality, and thus synthetic Met, e. g.
DL-Met or DL-2-hydroxy-(4-methylthio) butanoic acid are utilized in commercial
poultry diets to meet the total sulfur amino acid (TSAA) requirement (Martín-Venegas et
al., 2006). Currently, synthetic Met is limited to 2, 2, and 3 lbs per ton of feed in organic
diets, averaged over the life of the flock for laying hens, broilers and turkeys and all other
poultry, respectively (USDA, 2015). As of October 2, 2017, synthetic Met may be
entirely prohibited, thereby encouraging the exploration of other economically feasible
and sustainable alternative strategies other than high CP diets to meet the Met
requirement of birds (Kim, 2002; Fanatico, 2010; Burley, 2012). Feeding BSF to
chickens appears to be a potential option especially taking into account their nutritional
value, low space requirement, and acceptance by poultry since insects are found in their
diet in a natural habitat. Black Soldier Fly larvae as a feed ingredient for commercial fish
feed have been introduced and successfully developed (St‐Hilaire et al., 2007a).
However, the utilization of BSF larvae/prepupae meal by commercial poultry and the
effects on broiler chicks have not been adequately investigated. This study was conducted
to determine the nutritive value of dried BSF prepupae meal and evaluate it as an
alternative insect-based protein source for organic broilers.
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MATERIALS AND METHODS

Ingredients
The original BSF prepupae colony was purchased from Prota Culture, LLC
(Dallas, TX). The life cycle of BSF consists of four stages, namely the egg, larvae, pupae,
and adult stages (Joseph and Kaufman, 2010). The breeding colony was reared at the
Pennsylvania State University (PSU) Ag Sci & Industries greenhouse and exposed to
approximately 8 hours of sunlight since natural sunlight was found to be critical to
stimulate BSF adult mating (Zhang et al., 2010). The prepupae were placed in a box with
silt loam soil as the pupation substrate and after approximately 14 days, the adult flies
started emerging in a 1.81 m3 mesh-screened cage in the greenhouse. In the next two
days, the adult flies started mating with adequate sunlight. Six 160 cm2 cardboard strips
held together with rubber bands and placed 2.54 cm above a nutrient media of
commercial broiler feed. After two days mating was observed and females deposited their
eggs (approximately 500) in the crevices of the cardboard strips. Inoculated eggs were
hatched into creamy white larvae after 4 days of oviposition and were fed on the broiler
feed for 4 days. The larvae were then transferred to the Poultry Education and Research
Center (PERC) after they reached 2 mm in length. At the PERC, a larvae feeding and
harvesting vessel was made from particle board, with dimensions of 121.9 × 50.8 × 30.5
cm. The two narrow ends were built at 30 ° ramps for BSF prepupae self-harvesting. The
larvae were fed on the mixture of 80% hen manure collected from the PERC and 20%
kitchen waste collected from the dining halls every two days. After the first 14-day
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growth period, the larvae gradually turned from creamy white to black prepupae. At the
prepupae stage, they maximized their body fat for the pupation stage, stopped eating and
migrated from the feeding site to the dry areas to initiate pupation (Newton et al., 2005b;
Joseph and Kaufman, 2010). Because of this migration to dry locations before pupation,
prepupae were self-harvested by crawling up a ramp and falling into the tray underneath.
After prepupae were collected, they were washed, dried at 60℃ in a forced air oven for 3
days, ground to pass through a 1-mm screen and then fully mixed to obtain a
homogeneous BSF meal. Drying temperatures for the larvae should not exceed 70℃ to
prevent denaturation of the proteins and grinding is needed to obtain a uniform prepupae
meal (van der Poel et al., 2013). The nutrient composition of BSF meal is shown in Table
4-1. Crude fiber (CF), and ash contents were analyzed according to the American Oil
Chemists’ Society (AOCS) method Ba 6-84 for CF and Ba 5a-49 for ash at Barrow-Agee
Laboratories, Inc. (AOCS, 2006). Gross energy (GE) was calculated following the
Atwater method at the Barrow-Agee Laboratories, Inc (Maynard, 1944). Dry matter, CP,
EE of BSF were analyzed following the Official Methods of Analysis (AOAC) methods
934.01 for moisture, 990.03 for CP, 920.39A for EE and the AA concentration was
determined by methods described by Gehrke et al. (1987) at the University of Missouri
Agricultural Experimental Station Chemical Laboratories (ESCL) (AOAC, 2006). The
mineral analyses were performed by the Agricultural Analytical Service Lab at PSU in
triplicate using the method of acid digestion (Huang and Schulte, 1985).
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Birds and Housing
This experiment was approved by the Institutional Animal Care and Use
Committee at the Pennsylvania State University Poultry Education and Research Center
(IACUC #45006). A total of 280 one-day-old straight-run broilers (Cobb 500) were
purchased from a commercial hatchery, and randomly allocated to 28 battery cages with
10 birds per cage. For the entire experiment period, birds were housed in an
environmentally controlled room with a lighting program in accordance to the breeder
recommendations (Cobb, 2012a). The photoperiod began at 23 hr light:1 hr dark from 0
to 3 d of age and was then maintained at 16 hr light:8 hr dark for the remainder of the
trial. Light intensity was set to 40 lux from d 1 to d 10 and 10 lux from d 11 to d 21. The
temperature was maintained at 32.2°C from d 1 to d 3 and gradually reduced to 21.1°C
by 21 d of age. At 2 d of age, all birds were weighed and redistributed for uniform body
weights between cages.

Diet and Treatments
The experiment starter and grower diets consisted of four dietary treatments with
0, 2, 4, and 6% supplemental BSF with 7 replicate battery cages per treatment and 10
birds per replicate cage. All diets were formulated to meet Cobb 500 nutrient
recommendations and met or exceeded the NRC recommendations for broiler chickens
(NRC, 1994; Cobb, 2012b ) Birds were fed a mash starter diet from 0 to 7 days of age
and a mash grower diet from 8 to 21 days of age (Table 4-3). They had ad libitum access
to water and feed.
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Each battery cage was the experiment unit (EU) where BW and FI were measured
and recorded weekly for each EU. Mortality was recorded daily and FCR was calculated
by dividing total FI by BW gain (BWG) of live plus dead birds for either the starter or
grower periods. On d 21 of the feeding trial, all birds were electrically stunned and
exsanguinated for processing to determine carcass and parts yield. Growth and processing
yields of the broilers were determined.

Economic Analysis
Estimates of cost per kg of bled carcass wt, breast wt, leg wt, wing wt, and the
sum of parts wt were determined using the following equation described by Burley
(2012):
$/ kg product = ($/metric ton of starter diets+ $ metric ton of grower
diets)/2/1000) x [overall feed intake (kg)]}/[product wt (g)/1000]

Statistical Analysis
Statistical analysis was performed using a one-way ANOVA with Tukey’s test for
multiple mean comparisons (Steel and Torrie, 1980). Data were analyzed using the PROC
MIXED procedure of SAS software version 9.4 (SAS, 2013). The statistical significance
was determined at P ≤ 0.05. Percentage data were transformed utilizing the arcsine
square root and then analyzed.
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RESULTS AND DISCUSSION

Ingredient Analyses

The results of the BSF prepupae meal analyses are shown in Table 4-1. It was
showed that the BSF prepupae meal contained 44.0% CP, 27.7% EE, 0.90 % Met, 2.80%
Lysine (Lys), 0.60 % P, and 6.30 % calcium (Ca), on a DM basis. The AA pattern of the
BSF meal herein is very similar to meat and bone meal with 54.2% CP, 0.74% Met and
2.81% Lys, on a DM basis, respectively (NRC, 1994). Previous studies demonstrated that
the protein content of insects varies widely across insect species and also within a species
at different life stages. Within the insect species, Newton et al. (2005a) reported that BSF
prepupae fed on swine manure collected from the manure belt during the grow-finish
period contained 43.2% CP, 28.0% EE, 16.6% Ash, 0.83% Met, 2.21% Lys, 5.36% Ca,
0.88% P, 1.16% potassium (K) and 0.44% magnesium (Mg), on a DM basis. For BSF
prepupae fed on hen manure herein and swine manure by Newton et al. (2005a), the
composition of prepupae was similar to early studies, however, the EE content was lower
compared to 36.1% reported by Finke (2013). In a study by Finke (2013), BSF larvae
contained 45.1% CP, 36.1% EE, 9.8% neutral detergent fiber (NDF), 7.7% acid detergent
fiber (ADF), 9.0% Ash, 0.9% Met, 3.1% Lys, 2.4% Ca, 0.9% P, 1.2% K, and 0.4% Mg,
on a DM basis. Results based on previous work and the current study suggested that dried
BSF larvae or prepupea were shown to be a good source of CP and AA, however, when
BSF incorporated into poultry diets as the major source of protein, AA balance should be
considered. Calcium content of BSF reported herein is similar to the report by Newton et

110

al. (2005a), however, twice the level reported by Finke (2013), suspected to be a result of
feeding laying hen manure. The high Ca in BSF prepupae is due to its mineralized
exoskeleton (Finke, 2013). Phosphorous contents from different reports were similar and
lower than Ca contents in BSF larvae or prepupae. Unlike the phytate phosphorus from
the plant, the P from insects is readily available (Finke, 2013). Iron, Manganese and zinc
herein were shown to be greater than the report by Finke (2013). Prepupae are the last
immature stage in the larval development, and it has been determined to be the most
desirable stage for feedstuff collection (Diener et al. 2009). However, it is likely that the
BSF larvae reported by Finke (2013) contained more CP, EE, Met, and Lys compared to
the BSF prepupae fed on hen manure herein or swine manure reported by Newton et al.
(2005a) because of the low ash levels. The CP contents (DM basis) of other fly-based
insects such as house fly pupae (65.7%) , yellow mealworm larvae (67.9 %), yellow
mealworm prepupae (53.4%) are higher than BSF larvae (38.9% CP) and prepupae
(37.4% CP) reported by van der Poel et al. (2013). In order to produce high quality BSF
prepupae/larvae meal as a feedstuff for the poultry production, it is critical to harvest at
the correct rearing stage with maximal CP in the BSF. The results herein indicated that
when formulating poultry diets, AA balance as well as the high fat, ash, and Ca should be
considered.
The fatty acids composition (“as is” basis) of the BSF meal is shown in Table 4-2.
Lauric acid (10.63%), linoleic acid (3.76%) and palmitic acid (3.57%) were shown to be
the most concentrated fatty acids in the BSF reported herein, on an “as is” basis, which
was consistent with the findings of Finke (2013).
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Nutritional substrate for larvae, seasonal variation and stage of development may
have an impact on the nutrient composition of BSF between different laboratories (StHilaire et al., 2007b; Finke, 2013). Data (unpublished) from Dr. Vimal Selvaraj,
Department of Animal Science, Cornell University, showed that BSF was higher in CP
(59.9%), EE (19.6%), Met (4.0%), and Lys (3.9%), while lower in ash (7.1%) and Ca
(0.49%), on a DM basis, compared to the BSF from the current study. St-Hilaire et al.
(2007b) found that supplementing fish offal to manure increased omega-3 fatty acid
concentration in the BSF prepupae by 3%. Thus it is recommended from the current
study that feeding a Met-rich substrate to BSF could produce a Met-rich BSF prepupae
meal.

Feed Analyses
Proximate analyses and AA concentrations of the four dietary treatments are
shown in Table 4-3. Black Soldier Fly meal was supplemented at increasing levels (0, 2,
4, and 6%) to supply similar amounts of CP for all the treatment diets. Diets were
calculated to be of equal energy and nutrient concentration within each phase. However,
analyzed CP concentrations were lower than the formulated values for all diets, partially
due to the variance in chemical analyses determined at different laboratories. The
proximate and AA analyses of the treatment diets were conducted by the Adisseo Inc.
(Paris, France), while the nutrient analyses of BSF meal were conducted by ESCL and
Barrow-Agee.
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Bird Performance
The effects of BSF on BW and BWG of broilers are shown in Table 4-4. At the
beginning of the experiment, the initial BW of chicks averaged 48.3 g overall and did not
differ among the dietary treatment. After the chicks received the experiment starter diets
from 0 to 7 d, different inclusion levels of BSF did not differ significantly in BW or
BWG from the control diet (P > 0.05). By 21 d of age, varying levels of BSF groups still
had similar BW and BWG compared to the control diet (P > 0.05), but these measures
were slightly greater for the 4% BSF compared to the CS and the other BSF treatments.
The effects of BSF on FI, FCR, and mortality of broilers are shown in Table 4-5.
For the entire study period, only one bird for CS and one bird for 6% BSF treatment died
during the first week of the study. Mortality was lower in all the treatments compared
with the breeder’s performance standards and the statistical results showed no difference
in the mortality rate between the dietary treatments at any time (P > 0.05). From 0 to 7 d
of age, the FI and FCR were not affected by dietary treatments (P > 0.05). During the
period chicks received the grower diets (7 to 21 d), the highest inclusion level of BSF
(6%) reduced FI by 12.7, and 7.6% (P < 0.05) compared to the CS diets for 7-14 d, and
the overall period, respectively. The FI differences between the 4% BSF with the CS
diets were low at 0.4, 0.8 and 0.6% for 7 to 14 d, 14 to 21 d and the overall period (P >
0.05). Therefore, a moderate inclusion level of BSF (4%) could be utilized in commercial
broiler diets without reducing FI. Furthermore, feed to gain ratio followed a similar
significant trend with birds fed the 6% BSF having lower (P < 0.05) FCR by 0.093 and
0.065 points for 14 to 21 d and the entire period relative to the CS diets, respectively. For
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the entire period, FCR did not differ (P > 0.05) between 4% BSF diets and the CS diets
(1.422 and 1.406, respectively). It is likely that BSF chitin levels might be responsible for
the reduced FI, decreasing availability and digestibility of the BSF prepupae, thereby
affecting the growth performance in this study. However, we did not test chitin contents
of BSF prepupae meal in the current study.
The effects of BSF on the mean processing weight and percentage of carcass
weight of broilers at 21 d of age are shown in Table 4-6. For the entire experimental
period, different dietary inclusion levels of BSF had no significant effect on processing
yields compared to the CS diets (P > 0.05). The 4% BSF fed birds had slightly higher
bled weight, breast weight, leg weight and sum of carcass weight compared to the CS
diets and other dietary treatments without significant difference (P > 0.05). The 6% BSF
fed birds had slightly lower bled weight, but higher breast weight, breast percentage of
carcass weight, and percentage yields compared to the CS birds without significant
difference (P > 0.05). Moritz et al. (2005) have shown that Met is critical for increasing
breast meat production while reducing abdominal fat pad. Thus, the results herein
indicated that the Met from the BSF may have better digestibility than the Met from the
plant based ingredients in the CS control diet.
Newton et al. (1977) fed dried BSF larvae generated from the slurry of beef cattle
feces and urine at a dietary inclusion rate of 33% to obtain a 20.6% CP level for swine
compared to a corn-soybean meal diet with 20.5% CP. The dry matter apparent
digestibility (AD) was reported to be lower in the BSF treatment; however, it was not
clear whether ash (P < 0.06) or fat intake (P > 0.05) might have reduced dry matter AD.
Fat digestibility was higher in the BSF diet even if fat intake was shown to be greater in
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the corn/soybean meal diet. It was also indicated that the BSF diet had lower nitrogen AD
partially due to the imbalance in essential AA with lower levels of threonine and
tryptophan for pigs.
Varying levels (0, 25, 50, 75, and 100%) of dried BSF prepupae replacing
menhaden fish meal have been fed to channel catfish fingerlings and results indicated that
FCR and BWG were not affected with the 25% level compared to the control (P < 0.05)
(Newton et al., 2005a). In another study by St-Hilaire et al. (2007a) BSF prepupae
replaced 25% fish meal in the control diet (15% of the total protein in the diet) with no
adverse effect on FCR of rainbow trout, thereby further indicating its suitability for fish.
Kroeckel et al. (2012) demonstrated that increasing levels (0, 17, 33, 49, 64, and 76%) of
BSF replacing fish meal reduced FI due to low palatability in juvenile turbot. In the same
study, it was noted that protein retention greater when BSF inclusion rates were lower
than 33% and AD were low for CP, EE and GE partially due to chitin and absence of
chitinase in juvenile turbot. Similarly, fly-based protein sources have been investigated in
poultry diets (Calvert et al., 1969; Calvert et al., 1970). In Leghorn cockerels, a dried
ground house fly pupae with 63.1% CP, 15.5% EE, 5.3% ash, 2.6% Met, and 5.2% Lys
were utilized as the only dietary protein source from 0 to 21 days of age and compared to
a typical corn/soybean control (Calvert et al., 1969). Results indicated that BWG in the
house fly prepupae diet were greater than the control group (P < 0.005), and FCR were
not significantly different.
In Table 4-7, the estimated cost per kg bled weight, breast weight, and sum of
carcass were determined to evaluate the economic feasibility of using the BSF compared
to the organic CS diets. Due to the current limited availability of organic approved BSF
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prepupae meal, it is unlikely to be applied in large-scale broiler production, but may be
utilized effectively for small-scale cage free and organic poultry farms. The BSF herein
was applied using a meal and bone meal price due to similar CP (42.2% versus 50.4%),
EE (26.6 % versus 10.0%), Met (0.85% versus 0.69%), and Lys (2.68% versus 2.61%)
contents for BSF prepupae meal and meal and bone meal, on an “as is” basis,
respectively. All of the BSF diets with synthetic Met were shown to be less expensive
than the organic CS diets, which was due to the low price of the BSF prepupae meal
herein. The organic CS diets with synthetic Met were calculated to be $830/ton and
$803/ton for starter and grower phases, respectively, and the cost per kg of bled wt, breast
wt, leg wt, wing wt, and sum of carcass was determined to be $1.15, $10.43, $5.57,
$13.52, and $ 1.78, respectively. However, the economic analysis results showed that the
highest inclusion of BSF (6% BSF) in the broiler diets had the lowest per kg bled wt,
breast wt, leg wt, wing wt, and sum of carcass wt compared to the organic CS diets and
all the other BSF diets, indicating 6% BSF was more economically efficient. On the other
hand, 4% BSF also obtained lower per kg bled wt, breast wt, leg wt, wing wt, sum of
carcass wt compared to the organic CS diets. Broiler performance and production results
indicated that 4% BSF could obtain optimal growth performance compared to the organic
CS diet and all the other BSF diets (Table 4-3, 4-4, and 4-5). Therefore, it is likely that
utilizing BSF in organic broiler production is economically feasible with the optimal cost
at 6% BSF and the optimal growth and production at 4% BSF.
In conclusion, BSF prepupae meal was demonstrated to be a suitable protein
source without negatively impacting growth or processing yields in broiler diets. It was
especially favorable for CP (42.2%), EE (26.6%), Met (0.85%), Lys (2.68%), linoleic
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acid (3.76%), and linolenic acid (0.20%), on an “as is” basis, respectively. Morbidity and
mortality were considerably lower than the commercial rate, confirming that BSF was
safe to be used in the poultry diets. When formulating diets, the high ash (12.34%) and
Ca (6.09%) contents have be considered since this may limit inclusion rate for broilers. In
general the nutrient profile and growth performance of BSF meal are favorable, however,
the current study did not measure the chitin content or establish the apparent digestibility
of BSF preupae meal which will require further investigations to allow precise
formulating for poultry diets. It is also possible that the chitin commonly found in the
larvae and prepupae of BSF has effects on growth performance and gastrointestinal tract
development, which needs to be further investigated.
Therefore, in order to introduce BSF prepupae meal as feed ingredients in the
poultry diets, further research is needed to investigate:
1) Feeding value, i.e. establish the digestibility of BSF prepupae/ larvae meal
2) Future analysis of anti-nutritional compounds including chitin;
3) Production, i.e. establish the optimal nutritional media for growing BSF based
on the availability of local approved organic waste streams, determine the best
harvest time to obtain the desired BSF prepupae/larvae (Newton et al., 2007;
Diener et al., 2011a);
4) Future processing, i.e. separating the self-harvested BSF prepupae into oil and
protein meal (>60% CP) to better utilize the BSF value, removing chitin to
enhance digestibility as well as produce chitin, refine drying procedures to
reduce energy consumption, develop processing procedures to avoid heavy
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metals and pathogens existing in the feeds and increase automation and
mechanization (van der Poel et al., 2013);
5) Market availability and economic feasibility, i.e. utilize mass-production
techniques to generate a large volumes of high quality and stable meal for
animal feed;
6) Formulating feasibility, i.e. modifying the nutrient composition of BSF
prepupae meal by changing the nutrient media provided to the prepupae (StHilaire et al., 2007b);
7) Legislation and regulations to govern the use of BSF prepupae/larvae
including feed safety, labeling and trading procedures;
8) Increase the awareness of the farmer, poultry producer and the public safety
and use of insect-based feedstuffs.
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Table 4-1. The nutrient composition of Black Soldier Fly (BSF) prepupae meal1, dried BSF prepupae4,
fresh BSF larvae5 and BSF larvae6.
Current study1
“as is” basis

Newton et al.,
2005a4
DM basis

Finke,
20135
DM basis

Vimal Selvaraj
(unpublished)6
DM basis

Nutrient (%)1
ME (kcal/kg)2
3,918
------Dry matter
95.9
100.0
100.0
100.0
Crude protein
42.2
43.2
45.1
59.9
Ether extract
26.6
28.0
36.1
19.6
Crude fiber
8.7
----7.1
NDF
----9.8
--ADF
----7.7
--Ash
12.3
16.6
9.0
7.1
Amino acid (%)1
Met
0.85
0.83
0.88
4.00
Cys
0.26
--0.26
0.80
Lys
2.68
2.21
3.07
3.90
Asp
4.06
--4.25
5.20
Leu
2.92
2.61
3.12
3.30
Iso
1.86
1.51
1.96
1.80
Val
2.44
2.23
3.32
2.60
Gly
2.31
--2.35
2.20
Glu
4.20
--5.08
8.40
Ala
2.37
1.77
3.14
2.90
Pro
1.96
--2.63
2.50
Mineral (%)3
Calcium
6.09
5.36
2.40
0.49
Total phosphorus
0.59
0.88
0.93
1.09
Potassium
0.59
1.16
1.16
1.27
Magnesium
0.34
0.44
0.44
0.23
Sodium (ppm)
717.0
--2286.1
0.54
Iron (ppm)
85.7
776.0
171.7
475.0
Copper (ppm)
8.0
--10.3
32.0
Manganese (ppm)
468.1
--159.3
274.0
Zinc (ppm)
87.9
271.0
144.9
1039.0
1
Black Soldier Fly (BSF) prepupae meal (“as is” basis) were generated by raising BSF on 80% hen manure
+ 20% kitchen waste to the prepupae stage, harvested and processed at the Poultry Education and Research
Center (PERC) at the Pennsylvania State University; proximate, amino acid and fatty acid analysis of the
BSF prepupae meal were completed by Barrow-Agee Laboratories, Inc. (Memphis, TN).
2
Gross energy analyses were completed at the University of Missouri Agricultural Experimental Station
Chemical Laboratories (ESCL) (Columbia, MO); ME (kcal/kg) were calculated using the Janssen, 1989
equation 29.68 x DM + 60.95 x EE – 60.87 x CF (for peanut meal, expeller or solvent).
3
Mineral values were received from the Agricultural Analytical Service Lab at the Pennsylvania State
University (University Park, PA).
4
Data were sourced from Newton et al. (2005a); dried BSF prepupae (DM basis) were generated by
feeding BSF on swine manure for the grow-out period and then harvested and dried.
5
Original data were sourced from Finke (2013) and values were converted to dry matter basis; fresh BSF
larvae (sold as Phoenix worms) were provided by Insect Science Resource LLC (Tifton, GA).
6
Data (unpublished) were sourced from Dr. Vimal Selvaraj, Department of Animal Science, Cornell
University (Ithaca, NY).
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Table 4-2. The nutrient composition of Black Soldier Fly (BSF) prepupae meal1 and fresh BSF larvae2.
Item, %

Current study1
“as is” basis
95.92

Finke, 20132
DM basis
100.0

Dry Matter
Fatty acid
Capric 10:0
0.27
0.18
Lauric 12:0
10.63
13.20
Myristic 14:0
1.92
3.09
Myristoleic 14:1
0.13
0.13
Pentadecanoic 15:0
0.07
0.03
Palmitic 16:0
3.57
4.15
Palmitoleic 16:1
0.06
1.28
Heptadecanoic 17:0
0.07
0.05
Stearic 18:0
0.57
0.63
Oleic 9t-18:1
0.07
--Elaidic 9c-18:1
3.60
--Linoleic 18:2n6
3.76
4.36
Linolenic 18:3n3
0.20
0.17
Arachidic 20:0
0.05
0.04
Eicosenoic 20: 1n9
0.21
0.02
Eicosadienoic 20:2
0.08
0.03
C 20: 4n6
0.06
--C 20: 4n3
0.00
--C 20: 5n3
0.04
--Benhenic 22:0
0.03
0.02
C 22: 5n3
0.00
--C 22: 6n3
0.06
--1
Black Soldier Fly (BSF) prepupae meal (“as is” basis) were generated by raising BSF on 80% hen manure
+ 20% kitchen waste to the prepupae stage, harvested and processed at the Poultry Education and Research
Center (PERC) at the Pennsylvania State University; proximate, amino acid and fatty acid analysis of the
BSF prepupae meal were completed by Barrow-Agee Laboratories, Inc. (Memphis, TN).
2
Original data were sourced from Finke (2013) and values were converted to dry matter basis; fresh BSF
larvae (sold as Phoenix worms) were provided by Insect Science Resource LLC (Tifton, GA).
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Table 4-3. Nutrient composition of experiment diets (“as is” basis) 1.
Stater diets (0-7 d)2
2% BSF 4% BSF 6% BSF

Grower diets (8-21 d)2
2% BSF 4% BSF 6% BSF

CS
CS
Ingredient (%)
Corn
52.80
50.80
48.80
46.80
57.80
55.80
53.80
51.80
SBM, 48% CP
43.30
43.30
43.30
43.30
38.00
38.00
38.00
38.00
BSF
--2.00
4.00
6.00
--2.00
4.00
6.00
Dical P, 18% P
1.56
1.57
1.57
1.57
1.43
1.43
1.43
1.43
Limestone
1.31
1.31
1.31
1.30
0.99
0.99
0.99
0.99
Salt
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
Vit-TM premix3
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
DL-Met
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
Soy oil
0.07
0.07
0.07
0.07
0.80
0.80
0.80
0.80
Calculated analysis4
Dry matter
90.1
90.1
90.2
90.2
89.0
89.0
89.1
89.2
ME (kcal/kg)
3,035
3,035
3,035
3,035
3,110
3,110
3,110
3,110
Crude protein
23.8
23.8
23.3
23.8
21.9
21.9
21.9
21.9
Lys
1.32
1.32
1.32
1.32
1.18
1.18
1.19
1.18
Met
0.50
0.50
0.50
0.50
0.48
0.48
0.48
0.48
Cys
0.39
0.39
0.39
0.39
0.36
0.36
0.36
0.36
Trp
0.30
0.30
0.30
0.30
0.27
0.27
0.27
0.27
Thr
0.91
0.91
0.91
0.92
0.83
0.83
0.84
0.84
Val
1.12
1.12
1.12
1.13
1.02
1.02
1.03
1.03
Ca
1.00
1.00
1.00
1.00
0.84
0.84
0.84
0.84
Available P
0.45
0.45
0.45
0.45
0.42
0.42
0.42
0.42
Analyzed nutrients5
GE (kcal/kg)
4,225
4,249
4,269
4,251
4,179
4,220
4,224
4,275
Dry matter
91.0
91.1
90.7
90.9
90.1
90.3
90.3
90.6
Crude protein
19.4
19.7
19.6
20.9
16.9
17.7
18.3
19.4
Crude fat
9.9
10.2
10.0
10.3
9.1
9.5
10.2
10.4
Crude fiber
2.9
3.6
3.8
3.5
2.8
3.5
3.1
3.9
Ash
5.8
6.2
6.7
7.1
5.2
5.6
6.0
6.4
Lys
1.02
1.03
1.04
1.09
0.88
0.94
0.96
1.00
Met
0.43
0.47
0.46
0.51
0.45
0.44
0.45
0.46
Cys
0.29
0.29
0.28
0.28
0.25
0.26
0.27
0.29
Thr
0.71
0.74
0.76
0.78
0.65
0.68
0.70
0.73
Val
0.92
0.95
1.00
1.07
0.82
0.89
0.94
1.03
Diet Price ($/ton)
830
827
824
820
793
803
800
796
1
Diets were fed in mash from d 0 to 21. All diets were formulated to Cobb 500 recommendations. All
amino acids were formulated based on total requirement.
2
CS = Corn Soybean Control diet; 2% BSF = 2% Black Soldier Fly prepupae meal diet; 4% BSF = 4%
Black Soldier Fly prepupae meal diet; 6% BSF = 6% Black Soldier Fly prepupae meal diet.
3
Supplied per kilogram of diet: vitamin A, 7,937 IU; vitamin D, 2,646 IU; vitamin E, 19.8 IU; riboflavin,
5.3 mg; pantothenic acid, 9.3 mg; niacin, 39.7 mg; choline, 401 mg; vitamin B12, 10.6 μg; biotin, 66.0 μg;
Mn, 79.4 mg; Fe, 33.1 mg; I, 1.0 mg; Cu, 5.3 mg; Zn, 66.1 mg; and Se, 180 μg.
4
Calculated nutrient content was based on ingredient composition data from NRC (1994).
5
Nutrient and amino acid analyses of all diets were analyzed in triplicate at Adisseo, Inc. (Paris,
France).
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Table 4-4. Effects of Black Soldier Fly (BSF) prepupae meal on body weight (BW, g/bird) and BW gain
(BWG, g/bird) of broilers at 7, 14, and 21 d of age 1, 3.
Diets1

BW

BWG
14 d
21 d
0-7 d
7-14 d
14-21 d
0-21 d
(g/bird)
(g/bird)
CS
48.3
112.6
290.5
599.7
64.2
177.6
309.2
551.1
2% BSF
48.5
112.3
285.2
600.6
63.9
172.8
315.4
552.1
4% BSF
48.2
114.8
288.1
610.4
66.6
173.3
322.3
562.2
6% BSF
48.3
114.9
281.8
590.1
66.7
167.0
308.3
541.8
SEM2
0.5529
2.320
6.796
12.04
2.083
4.842
5.965
11.83
P-value
0.9856
0.7806
0.8333
0.7044
0.6734
0.5351
0.3353
0.6865
a-c
Means within the same column with no common superscript differ significantly (P ≤ 0.05).
1
CS = Corn Soybean Control diet; 2% BSF = 2% Black Soldier Fly prepupae meal diet; 4% BSF = 4%
Black Soldier Fly prepupae meal diet; 6% BSF = 6% Black Soldier Fly prepupae meal diet.
2
SEM = Pooled standard error of the means.
3
Day 7-21, n = 6 for CS and 6% BSF diet; n = 7 for 2% BSF and 4% BSF diet.
0d

7d
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Table 4-5. Effects of Black Soldier Fly (BSF) prepupae meal on feed intake (FI, g/bird) and feed
conversion ratio (FCR, g feed/g weight gain) and mean percentage mortality (%) of broilers at 7, 14, and 21
d of age1, 4.
Diets1

FCR
Mortality2
0-7 d
7-14 d 14-21d 0-21 d
0-7 d
7-14 d 14-21 d 0-21 d
0-21 d
(g/bird)
(g/g)
(%)
CS
93.1
187.6a 514.3ab 794.6a
1.425
1.058
1.663a
1.422a
1.67
2% BSF
89.2
181.1ab 518.6a 788.8a
1.410
1.050
1.646a
1.431a
100.00
a
ab
a
b
4% BSF
92.7
186.9
510.1
789.7
1.397
1.087
1.583
1.406ab
100.00
6% BSF
88.3
163.8b 483.4b 733.9b
1.323 0.9817 1.570b
1.357b
1.67
SEM3
2.43
5.19
7.78
11.89
0.043
0.033
0.013
0.016
1.082
P-value 0.4054 0.0151 0.0209 0.0056
0.2231 0.1638 <0.0001 0.0079
0.5125
a-c
Means within the same column with no common superscript differ significantly (P ≤ 0.05).
1
CS = Corn Soybean Control diet; 2% BSF = 2% Black Soldier Fly prepupae meal diet; 4% BSF = 4%
Black Soldier Fly prepupae meal diet; 6% BSF = 6% Black Soldier Fly prepupae meal diet.
2
Percentage data analyzed with an arcsine transformation.
3
SEM = Pooled standard error of the means.
4
Day 7-21, n = 6 for CS and 6% BSF diet; n = 7 for 2% BSF and 4% BSF diet.
FI
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Table 4-6. Effects of Black Soldier Fly (BSF) prepupae meal on mean processing weight (g) and
percentage of carcass weight (%) of broilers at 21 days of age 1.
Diet2

Bled
weight

Breast
w/ skin, bone

Legs
Wing
Cage
Sum of
Percentage
w/ skin
w/ skin
w/ skin4
carcass5
Yield6
Mean processing Weight (g)
CS
560.2
61.8
115.7
47.7
136.3
361.5
--2% BSF
571.0
62.1
118.3
49.0
144.4
373.6
--4% BSF
574.0
64.2
119.0
47.8
147.3
378.2
--6% BSF
549.3
63.5
113.5
47.5
133.0
357.6
--SEM3
15.21
3.11
3.45
1.47
5.39
11.2
--P-value
0.6515
0.9404
0.6589
0.8964
0.2059
0.5134
--Percentage of carcass weight (%)
CS
--16.92
32.09
13.31
37.69
--64.42
2% BSF
--16.52
31.72
13.23
38.53
--63.35
4% BSF
--16.94
31.57
12.72
38.77
--65.69
6% BSF
--17.69
31.84
13.32
37.15
--64.94
SEM3
--0.6009
0.3714
0.2562
0.7402
--0.549
P-value
--0.6475
0.7926
0.2964
0.3788
--0.3980
a-c
Means within the same column with no common superscript differ significantly (P ≤ 0.05).
1
Percentage data analyzed with an arcsine transformation.
2
CS = Corn Soybean Control diet; 2% BSF = 2% Black Soldier Fly prepupae meal diet; 4% BSF = 4%
Black Soldier Fly prepupae meal diet; 6% BSF = 6% Black Soldier Fly prepupae meal diet.
3
SEM = Pooled standard error of the means.
4
Cage includes kidneys.
5
Sum of carcass = breast w/ skin and bone + legs w/skin +wings w/skin + cage w/breast skin.
6
Percentage yield = (sum of carcass/ live weight) *100.
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Table 4-7. Estimated cost per kg bled weight, breast weight, and sum of carcass 1.
Diet1
$/kg bled wt
$/kg breast meat
$/kg legs
$/kg wings
$/kg sum of carcass2
CS
1.15
10.43
5.57
13.52
1.78
2% BSF
1.13
10.35
5.43
13.12
1.72
4% BSF
1.12
9.99
5.39
13.41
1.70
6% BSF
1.08
9.34
5.22
12.48
1.66
1
CS = Corn Soybean Control diet; 2% BSF = 2% Black Soldier Fly prepupae meal diet; 4% BSF = 4%
Black Soldier Fly prepupae meal diet; 6% BSF = 6% Black Soldier Fly prepupae meal diet.
2
Sum of carcass = breast w/o skin or bone + legs w/skin + wings w/skin + cage w/breast skin.
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Chapter 5
APPARENT AND TRUE ILEAL DIGESTIBILITY OF AMINO ACIDS
AND JEJUNUM VISCOSITY OF METHIONINE RICH FEEDSTUFFS
FOR BROILERS

ABSTRACT
The aim of the current study was to determine the viscosity of jejunum digesta
and the apparent ileal digestibility (AID) and true ileal digestibility (TID) of crude
protein (CP), crude fiber (CF), ether extract (EE) and amino acids (AA) of six Met-rich
feedstuffs, namely post-extracted algae residual (PEAR), floury corn (C-F), vitreous
corn (C-V), corn 614 (C-614), corn 6360 (C-6360), and corn 6150 (C-6150) in 35-d-old
broilers. The CP contents (g kg-1DM) ranged from 336.3 for PEAR to 86.5 for C-V, and
the CF contents ranged from 101.1 for PEAR to 24.8 for C-6150, respectively. A total of
two hundred and thirty 4-wk-old Cobb 500 broiler chicks were used to estimate the ileal
endogenous AA (IEAA) losses, AID and TID of AA. A protein-free (PF) diet was
formulated to contain dextrose as the only carbohydrate source. Apparent ileal
digestibility of the six ingredients was determined by supplementing PEAR at 59.6%, and
all the corn hybrids at 82.0% as the sole protein source in the dietary treatments. True
ileal digestibility was determined by adjusting the IEAA estimated from the PF diet,
which more accurately reflects the digestibility of the six ingredients in broilers. All diets
were formulated to contain 2.0% Celite as the indigestible marker. Chicks received
typical corn-soybean based starter and grower diets from 0 to 21 d and 21 to 28 d,
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respectively. Birds were transitioned to the dietary treatments from 29 to 30 d, and fed
100% treatment diets from 31 to 35 d. Body weight (BW) and feed intake (FI) were
measured weekly by cage (10 birds/cage) as the experiment unit. At 35 days of age, all
birds were euthanized. Ileum digesta was collected from five birds per cage, freeze-dried,
and analyzed for DM, CP, CF, EE, AA and acid insoluble ash (AIA) concentrations.
Jejunum digesta was collected from three randomly selected birds from each cage and
pooled for the jejunum viscosity measurement with a digital viscometer. Data were
analyzed as a one-way ANOVA with Tukey’s test for means comparison and a P ≤ 0.05
level deemed statistically significant. Birds fed the PF and PEAR treatments had a
reduced 28-35 d body weight gain (BWG) compared to the corn treatments (P < 0.05).
For IEAA losses, values (g/100 g DM) ranged from 0.29 for glutamic acid (Glu) to 0.04
for cysteine (Cys). The PEAR diet had significantly lower AID of AA except for Lysine
(Lys) relative to all the other corn diets except C-F. For TID of AA, PEAR was lower
than all the other corn diets (P < 0.001). Birds fed the corn diets were not significantly
different for jejunum digesta viscosity compared to the PF birds. However, greater
jejunum digesta viscosity was observed in the PEAR fed birds compared to the PF birds.
Utilizing PEAR as the sole dietary protein (59.6% in the current study) appeared to be
detrimental to the performance of the birds. The current study indicated that the desired
CP levels, AID and TID of CP, CF, EE, and AA, and jejunum viscosity made C-F a
potential Met-rich energy ingredient for broilers.
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INTRODUCTION
Methionine (Met) plays a critical role in maintaining optimal growth and
production in broilers (Fanatico, 2010). In a typical corn-soybean based diet, Met is the
first limiting amino acid (AA) for broilers due to the relative deficiency of Met in corn
and soybean meal (Burley, 2012). If the NRC (1994) requirement is not met, broiler
production efficiency is greatly reduced regarding breast meat in broilers and egg size in
laying hens and breeders (Jankowski et al., 2014; Wen et al., 2014). A high crude protein
(CP) diet without synthetic Met supplementation can be utilized to meet the Met
requirement. However, feed cost and the accompanying environmental issues such as
excessive fecal nitrogen and ammonia emissions make this practice not economically
feasible or environmentally sustainable for broiler producers (Kim et al., 2005; Nahm,
2007). Therefore, synthetic Met, such as DL-Met and Met hydroxyl analogue and its
calcium salt have been utilized in conventional and organic broiler production to meet the
Met requirement and are recognized as safe feed additives by the Food and Drug
Administration (FDA) (21 CFR 582.5475-5477) (FDA, 2015). Currently, synthetic Met
is limited in organic poultry feeds to 2, 2, and 3 lbs per ton for laying hens, broilers, and
turkeys and other poultry, respectively, by the United States Department of Agriculture
(USDA) National Organic Program (NOP) (USDA, 2015). With the current allowance
limits and the potential ban of synthetic Met in organic poultry production, alternative
strategies to meet the Met requirements are needed. Fanatico (2010) and Burley (2012)
discussed several strategies including selecting broilers with lower Met requirement,
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choice feeding, foraging, and utilizing Met-rich protein and energy feedstuffs have been
intensively studied.
The green algae such as Chlorella and Spirulina have been recognized as the most
protein-rich microalgae commercially produced. Algae is of special interest for organic
poultry producers due to its high CP, and Met contents as well as other beneficial
nutritional ingredients, e.g. polyunsaturated fatty acids, pigments, antioxidants, etc.
(Fanatico, 2010; van der Poel et al., 2013). Janczyk et al. (2009) found that
supplementing 5% bullet-milled or spray-dried Chlorella vulgaris could increase cecal
bacterial diversity, thereby enhancing the bird’s health. However, others indicated the
Chlorella inclusion rate should not be greater than 10% of poultry feeds (Ross and
Dominy, 1990). Spirulina has a recommended inclusion rate between 5-10% of the diet
for poultry (Toyomizu et al., 2001). Sujatha and Narahari (2011) found supplementation
of Spirulina reduced egg total cholesterol content and increased omega-3 fatty acid
levels. In a study, Spirulina platensis with 42.3% CP and 34.4% ash (DM basis) was
supplemented in broiler diets at 0, 5, 10, and 15% from 6 to 34 d (van der Poel et al.,
2013). Feed intake (FI) was reduced 80% in the 10% and 15% algae diets compared to
the control diet, however, feed conversion ratio (FCR) of the 5% and 10% algae diets
were within the range of normal commercial production. The authors also noted that the
high ash content of algae mainly from sulfur, potassium, sodium and chloride had to be
considered when formulating diets. Furthermore, algae can accumulate heavy metals (Cu,
Zn, Cd, Pb, and Ni), which may pose potential hazards to the human health when
supplementing algae in poultry diets. Apart from the high ash and heavy metals, toxins,
fermentation contamination, indigestible cellulosic cell wall, and variable composition
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due to different production, harvesting, and drying procedures presents challenges to
utilize algae in poultry feeds. For the study herein, the post-extracted algae residue
(PEAR) represents the by-product of a commercial algae from production of biofuels
was evaluated as a livestock feed (Bryant et al., 2012). The 1st generation PEAR
developed by Price et al. (2013) was reported to contain 20.2% CP, 6.18% calcium,
6.61% sodium and 1.56% fat. Two feeding trials demonstrated that 1st generation PEAR
can be fed at up to 10% of the diet without negatively affecting FI, body weight (BW) or
FCR in broilers from d 1 to d 21. It was also fed to White Leghorn laying hens at up to
20% without negatively affecting egg production or FI from 31 to 35 weeks of age.
Although, many studies have investigated the use of algae in the poultry diets, few
studies have considered feeding values of the PEAR utilized foremost for biofuels.
Corn, the most important energy ingredient worldwide, together with soybean
meal are typically fed to conventional and organic broilers (Blair, 2008). Due to its
relative low Met levels, the Michael Fields Agricultural Institute (MFAI), USDA-ARS,
the Mandaamin Institute (MI) and Practical Farmers of Iowa (PFI) have been developing
commercial soft and hard-kernel high-Met corn (HMC) with greater levels of Met and
total sulfur AA (TSAA) by naturally selecting corn hybrids. The 3 floury-2 MF hybrid is
a naturally selected soft endosperm corn developed by the MFAI with higher Met
(0.32%) compared to conventional corn (0.17%) (Jacob et al., 2008). However, available
HMC hybrids are shown to contain higher grain moisture levels at harvest and yield less
grain per acre compared to conventional corn since the use of the floury-2 gene reduces
kernel weight about 11%, making it more prone to fungal toxin development (i.e.
aflatoxin) and less profitable for farmers to grow (Lorenzoni et al., 1980; Coleman et al.,
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1995). A new type of soft kernelled HMC without the floury-2 gene which was more
yield-competitive, was reported to contain 0.25% Met and 0.35% Lys compared to
conventional hybrids with 0.17% Met and 0.30% Lys, DM basis, respectively (Goldstein
et al., 2008). Therefore, the new HMC cultivars rich in CP and Met show great potential
to enable organic farmers to avoid the strategy of feeding high CP diets to poultry when
synthetic Met supplementation is restricted. However, studies on HMC AA digestibility
in broilers are very limited.
For determination of AA digestibility in poultry, the precision-fed cecectomized
rooster assay (PCRA) and the true ileal digestibility (TID) procedures have been widely
used (Kim et al., 2011). The PCRA uses adult Single Comb White Leghorn roosters with
the ceca surgically removed to allow for accurate digestibility estimation, while the TID
is more accurate for young birds by estimating the apparent ileal digestibility (AID) and
ileal endogenous AA (IEAA) losses (Lemme et al., 2004; Garcia et al., 2007).
Endogenous AA losses are normally estimated by either the regression method: feeding
graded levels of casein (highly digestible protein), or feeding a protein-free (PF) diet
(Furuya and Kaji, 1989; Kluth and Rodehutscord, 2009). In the young broiler digestibility
bioassay, a large number of birds are fed a typical corn-soybean based diet and then
transitioned to the semi-purified diets with the test ingredient as the sole protein sources
to allow for digesta collection and determination of AID (Adedokun et al., 2008). The
current study was conducted to determine the nutrient value and the AID, TID of CP,
crude fiber (CF), ether extract (EE), ash and AA, and the jejunum digesta viscosity of
PEAR and five different varieties of HMC in 5-wk commercial broilers, thereby
establishing digestible nutrient values to enable precise formulation in organic diets.
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MATERIALS AND METHODS

Ingredients
The post-extracted algae residue (2nd generation) was acquired from Dr. Jason Lee
at the Department of Poultry Science, Texas A&M University (College Station, TX). The
proximate analyses and AA analyses were conducted by the NP analytical laboratories
(St. Louis, MO) and the ME (kcal/kg) value was calculated using the equation 15.51 x CP
+ 26.01x EE + 13.16 x NEF (for malt sprout) (Janssen et al., 1979). Floury type corn (CF), vitreous type corn (C-V), CM-614 corn variety (C-614), CM-6360 corn variety (C6360) and CM-6150 corn variety (C-6150) were provided by Masters Choice (Anna, IL).
The nutrient analyses of C-F and C-V were performed by the University of Missouri
Agricultural Experimental Station Chemical Laboratories (ESCL) (Columbia, MO), and
the analyses of C-614, C-6360, and C-6150 were performed by Barrow-Agee
Laboratories (Memphis, IN). All ME (kcal/kg) values of the corn hybrids were calculated
using equation 36.21 x CP + 85.44 x EE + 37.26 x NFE (for corn grain) (Janssen, 1989).
The nutrient composition for individual ingredient is shown in Table 5-1. All nutrient and
AA analyses for Corn-F, Corn-V, Corn-614, Corn-6360, and Corn-6150 were performed
in triplicate by AOAC (2006) methods 934.01 (using a vacuum oven) for moisture,
990.03 for CP. 920.39A for EE, 978.10 for CF, and 942.05 for ash and the measurement
of Cys, Met, and additional nine AA were following methods described by Gehrke et al.
(1987) at the ESCL.

137

Birds and Treatments
The proper use of chicks for the digestibility assay and viscosity measurements in
the current study were approved by the Pennsylvania State University Institutional
Animal Care and Use Committee (IACUC # 45833). A total of 230 one-day-old Cobb
500 straight run broilers were obtained from the Longenecker’s Hatchery (Elizabethtown,
PA). Chicks were allocated randomly to 23 battery cages with 10 birds per cage for the
first four weeks. At 28 d of age, chicks were randomly selected and reallocated to 46
cages with 5 birds per battery cage. Body weight was adjusted for each individual battery
cage to avoid BW differences between cages with an average BW of 1.520 kg/bird. For
the entire experimental period, chicks were housed in an environmentally controlled
room following the lighting and temperature recommendation of the breeder (Cobb,
2012). The initial room temperature was set at 32.2 ℃ and gradually reduced to 21.1℃ by
14 d of age and maintained till the end of the trial. The photoperiod began at 23:1 L: D
for the first 3 days and then maintained at 16: 8 L: D till the end of the study. The lighting
intensity was set at 10 lux for the first week and maintained at 40 lux for the rest of the
study. Birds and feed were weighed weekly with cage as the experimental unit.

Digestibility Assay
The nutrient composition of experiment diets is shown in Table 5-2. In order to
determine the IEAA, a PF diet was formulated to use dextrose purchased from Ingredion
Incorporated (Westchester, IL) as the carbohydrate source following the methods
described by Burley (2012). Each digestibility assay consisted of one of the experiment
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ingredients, namely PEAR, C-F, C-V, C-164, C-6360 and C-6150 as the sole protein
source. The post-extracted algae residual diet was formulated to contain 59.6% PEAR
with the dietary CP level at 18.0% (“as is” basis). All the corn-based diets (C-F, C-V, C614, C-6360, and C-6150) contained 82.0 % of each type of corn ingredient which
resulted in CP levels to be 6.01, 6.04, 6.01, 7.12 and 7.33% (“as is” basis), respectively.
Metabolizable energy was 3656, and 3200 kcal/kg for the PF and PEAR diet,
respectively. As for corn-based diets, C-F, C-V and C-614 had the same level of ME
(3,300 kcal/kg), while C-6360 and C-6150 had higher levels of ME with 3,563 and 3,523
kcal/kg, respectively. All dietary treatment diets were formulated to contain 2.0%
dicalcium phosphate, 2.0% Celite 545 purchased from Sigma-Aldrich CO. LLC (St.
Louis, MO), 0.80% vitamin/mineral premix, and 0.50% salt. Limestone was included at
1.23% in the PEAR diet and 1.46% in the corn-based diets (C-F, C-V, C-614, C-6360,
and C-6150) to maintain the same concentration of calcium (0.84%) in the diets.
Commercial mash starter diets and pellets grower diets were fed ad libitum to all
treatment chicks from 0 to 21 d and 21 to 28 d, respectively. Birds were transitioned to
the semi-purified dietary treatment diets in mash form from 29 to 30 d, and fed 100%
treatment diets from 31 to 35 d. At 29 d, birds were provided with a mixture of 1/3
treatment diet and 2/3 commercial grower diets which was ground to mash. At 30 d, birds
were transitioned to a mixture of 2/3 treatment diet and 1/3 commercial grower diets
ground to mash. Birds were fed the dietary treatment diets (100%) from 31 to 35 d.
Birds were provided ad libitum access to water and dietary treatment diets from d
28 to 35. On d 35, all birds were fasted overnight (approximately 8h), then fed their
dietary treatment and euthanized approximately 4 h postfeeding to acquire accurate
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digestibility values according to the methods described by Kim et al. (2011). Ileum (from
Meckel’s diverticulum to approximately 1 cm proximal to the ileo-cecal junction) digesta
samples were collected from each replicate cage (5 birds/cage) by gently squeezing the
ileal contents into a plastic container by replicate cage. Ileal digesta containers were
immediately placed on ice, then frozen at -20℃, freeze-dried and ground using a mortar
and pestle. For PF and PEAR treatments, multiple cages of freeze-dried ileal digesta were
pooled to generate 6.5 grams for DM, CP, CF, EE, AIA, and AA analyses at ESCL.

Jejunum Digesta Viscosity
Following the euthanization, jejunum digesta contents (from the end of the
duodenal loop to the Meckel’s diverticulum) were collected from three randomly selected
birds of each cage by gently squeezing digesta into a plastic container for the jejunum
viscosity measurement. The jejunum digesta containers were immediately placed on ice
and transferred to the laboratory. The jejunum digesta samples from each cage were
placed into a 16 ml Eppendorf tubes, homogenized and then centrifuged at 12,700 × g at
4°C for 5 min. A pipet was used to acquire two 0.5 ml aliquots from the supernatant
solution of each sample. The jejunum digesta viscosity was measured with a digital
viscometer (model DV-II+, Brookfield Engineering Laboratories, Inc., Stoughton, MA)
at 25℃. Each sample were read twice after the reading became stable (approximately 30
s) at a spindle speed of 20 rpm. Then the two reading values for each cage were averaged
for the data analysis.
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Nutrient Analysis
Nutrient analyses of the dietary treatments (PF, C-F, C-V, C-614, C-6360 and C6150) and of the pooled freeze-dried digesta samples were conducted in triplicate by
ESCL using AOAC (2006) methods 982.30 E (a, b, c) to determine AA profiles, 990.03
for CP (diets only), and 934.01 (using a vacuum oven) for moisture and AOCS (2006)
method Ba 5b-68 for AIA for all dietary treatments.

Calculations
Apparent ileal digestibility, IEAA, and TID of CP, CF, EE, Ash and AA were
calculated following methods described by Burley (2012). Mean AA and AIA values
from triplicate diet samples were used to calculated AID and TID of the AA from each
pooled freeze-dried digesta sample. Apparent and TID values for all diegesta samples
were then averaged for each dietary treatment.
Apparent ileal AA digestibility was calculated by the following equation:
AID (g/100 g DM) = [1- (AAdigesta × AIAdiet )/(AIAdigesta× AAdiet)] × 100;
ileal endogenous AA losses were estimated by the following equation:
IEAA (g/100 g of DM) = (AAdigesta × AIAdiet)/ (AIAdigesta);
true ileal AA digestibility was determined by the following equation:
TID (g/100 g DM) = AD+ 100 × (IEAA/AAdiet),
where, AAdiet is the AA concentration in the diet, AAdigesta is the AA concentration in the
digesta, AIAdiet is the concentration of Celite in the diet and AIAdigesta is the concentration
of Celite in the digesta.
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Statistical Analysis
All data were analyzed using the PROC MIXED procedure of SAS Institute Inc.
software version 9.4 (SAS, 2013). Statistical differences between treatments were
analyzed using a one-way ANOVA and Tukey’s test for multiple mean comparisons
(Steel and Torrie, 1980). Treatment PF, PEAR, C-F, and C-V had 7 replicate cages (5
birds/cage), and C-614, C-6360, and C-6150 had 6 replicate cages (5 birds/cage).
Statistical significance was considered at P ≤ 0.05.

RESULTS AND DISCUSSION
The dry matter (DM), CP, CF, EE, ash and AA concentration of the six treatment
ingredients are shown in Table 5-1. In current study, results showed that 2nd generation
PEAR contained the highest CP, CF and ash levels among the six ingredients with 37.1%
CP, 9.08% CF and 10.5% ash, on an “as is” basis, respectively. Compared to the 1st
generation PEAR, the 2nd generation contained higher levels of CP (37.1 versus 20.2%)
and EE (2.89 versus 1.56 %) and lower sodium (3.34 versus 6.61%) and calcium (0.085
versus 6.18%), respectively (Price et al., 2013). Among the corn treatments, the CP
ranged from 9.12% to 7.33% for C-614 and C-F, and CF ranged from 2.69 C-F to 2.2%
for C-614 and C-6150, respectively.
Nutrient composition of the seven treatment diets is shown in Table 5-2. All of
the treatment diets were formulated to contain only the respective ingredient as the sole
source of protein, resulting in CP levels of 0.00, 21.07, 6.92, 7.08, 7.00, 8.93 and 9.27%
on DM basis for PF, PEAR, C-F, C-V, C-614, C-6360, C-6150, respectively. Due to the
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varying moisture in calculated and analyzed diets, for the discussion herein we will use
values on a DM basis. The analyzed CP concentrations were shown to be 1.03, 24.73,
7.33, 7.59, 9.01, 8.04 and 8.34% on DM basis for PF, PEAR, C-F, C-V, C-614, C-6360,
C-6150, respectively. All the analyzed CP were higher than the calculated CP values. It
was noted that the PF diet was found to contain a small amount of CP. Burley (2012)
similarly reported that PF and egg-based diet had higher levels of analyzed CP compared
to the calculated values. Burley (2012) noted that AID and TID determination wound not
be affected because all dietary AA concentrations were considered individually on an
analyzed DM basis. Kong and Adeola (2013b) noted that basal IEAA are theoretically
independent of dietary composition of PF diet, however, the variation in proportion of
corn starch and dextrose in a PF diet might affect the IEAA estimation in broilers.
The effect of feeding each treatment ingredient as the sole protein source on the
BW and BWG are shown in Table 5-3. At 28 d of age, birds were redistributed and
assigned to their dietary treatments such that there was no significant difference in BW
between treatments, mean BW was 1.52 kg/bird. After feeding the treatment diets for one
week (35 d of age), high levels of dextrose (843.4 g/kg) in the PF diet and PEAR (596.0
g/kg) in the PEAR diet reduced BW significantly compared to all the other corn based
treatment diets. Body weight gain from 28 to 35d for the PF and PEAR differed
significantly compared to all the other corn diets with losses from -0.052 and -0.071
kg/bird for PF and PEAR, respectively. As mentioned previously, Price et al. (2013)
evaluated the 1st generation PEAR with broilers from 1 to 21 days of age and White
Leghorn laying hens from 31 to 35 weeks of age. It was indicated that increasing PEAR
levels (0, 5, 10, and 20%) did not impact egg production or FCR, however, greater yolk
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color was only reported after layers received 10% PEAR for 2 weeks (P < 0.05). In
another feeding trial with broilers FI, BW and FCR were not affected at any PEAR
inclusion level (0, 2.5, 5.0, 7.5 and 10.0%) from 0 to 21 d, however, fecal moisture was
increased at higher inclusion levels (7.5% and 10% PEAR). Therefore, results from
previous studies indicated that in order to supplement PEAR in poultry diets as a dietary
protein without causing growth and production reduction, PEAR should be limited to
10% for layers and 5% for broilers.
In the current study, to evaluate the feeding values of PEAR and five Met-rich
corn hybrids in 5-week-old broilers, the AID of CP, CF, EE, ash, and AA, and TID of
AA were determined. Mean endogenous AA losses were calculated based on the PF diet
as shown in Table 5-4. Endogenous AA losses were measured to determine TID and
ranged from 0.29 and 0.04 g/100 g DM for glutamic acid (Glu) and cysteine (Cys),
respectively. The ratio of leucine (Leu) to Lys (0.18:0.17) in the ileal endogenous flow
(IEF) was the highest indispensable AA followed by valine (Val) (0.13:0.17) and
threonine (Thr) (0.12: 0.17). Previous work from our lab reported a higher Leu : Lys
(0.04:0.02), Val: Lys (0.04: 0.02), and Thr: Lys (0.04: 0.02) ratio in the IEF compared to
other indispensable AA (Burley, 2012). Kong and Adeola (2013b) showed relatively
equal ratios of high Leu: Lys (1.39:1), Val: Lys (1.05:1) and Thr: Lys (1.28:1) ratios like
those reported herein (Table 5-5). While those of Ravindran et al. (2004) were higher and
more like those of Burley (2012). The IEAA estimation is critical for the determination of
the TID of individual AA, and the IEAA composition in relation to Lys should be stable
across studies if the methodology were similar (Kong and Adeola, 2013b). Differences in
basal IEAA between the laboratories might affect the TID determination and it is likely
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attributed to the differences in diet composition, mixing, sampling, analytical methods
and the fasting methods (Adedokun et al., 2011). Results also suggested that dispensable
IEAA were higher for Glu and Asp herein and similarly reported by previous studies by
Burley (2012) and Kong and Adeola (2013b). In the current study, Glu, Asp and Leu
were found as the most abundant AA in the IEF in 35-d-old broilers fed the PF diet.
Particularly, Glu, Asp and Leu together accounted for 0.69 (g/100 g DM) which was 42.3
% of the total IEAA determined herein. Kong and Adeola (2013b) similarly reported the
respective proportion as 38.0 % in 26-d-old broilers.
In the current study, the IEAA results are likely attributed to endogenous proteins,
i.e. salivary and digestive enzymes, sloughed epithelial cells, and secreted mucin which
are abundant in Glu, Asp, Pro, Ser, and Thr, therefore the composition of IEAA has been
proposed to be dependent on the AA composition of these endogenous losses sources in
the gut (Rothman et al., 2002; Ravindran et al., 2005). Glutamic acid is rich in human 𝛼amylase and the feather-free whole chicken body (Muus, 1954; Stilborn et al., 2010).
Threonine was found to make up 30% of mucin protein, which accounted for 11% of the
endogenous proteins in the ileal digesta of pigs (Lien et al., 1997). Pancreatic 𝛼-amylase
and mucin secreted not fully utilized contributes to the endogenous losses with the
absence of other energy source in the PF diet (Kong and Adeola, 2013b).
The TID is known to be more accurate than AID in estimating AA digestibility
(Ravindran and Bryden, 1999; Huang et al., 2006; Kong and Adeola, 2010). The
fundamental assumption for diet formulation with mixed ingredients is the additivity of
nutrients, that is the amount of digestible AA in the diet equals to the sum of digestible
AA in each feed ingredients (Imbeah et al., 1988; Kong and Adeola, 2013a). It was
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further found that the basal endogenous losses increased as the ingredient CP contents
increased (Lemme et al., 2004). For ingredients lower in CP contents, basal endogenous
losses might be underestimated and thus contributed to the invalidity of the additivity
assumption. Therefore, TID that is corrected for basal endogenous losses for each
individual ingredients or mixed diets can better reflect the AA digestibility than AID
(Stein et al., 2005).
The AID of CP, CF, EE, ash, and AA for the six ingredients is shown in Table 55. All the AID values of the five corn hybrids were within the normal range of previous
studies (Ravindran et al., 1999; Huang et al., 2006; Garcia et al., 2007; Adedokun et al.,
2008; de Coca-Sinova et al., 2008). Most of the PEAR AID values except for Thr, Lys,
and ash were significantly lower (P < 0.05) than the corn hybrids. Lysine and Thr were
shown to be the lowest AID, while Leu, Glu and Ala were shown to be the highest AID
with the five corn hybrids averaging 37.8, 48.6, 79.7, 78.3 and 78.0 for Lys, Thr, Leu,
Glu and Ala, respectively. It is likely that the high endogenous losses for Lys (0.17
g/100g DM) and Thr content (0.12 g/100 g DM) led to the low Lys and Thr values for
broilers. Kong and Adeola (2013a) similarly reported that a diet with 92.9% corn as the
sole protein source, the Thr (64.3%) and Gly (72.2%) had the two lowest AID in 26-d-old
broilers. In the same study, they also noted that white Pekin ducks fed the same diet had
the lowest AID for Cys (34.9%) and Thr (43.0%). The authors attributed the low Thr AID
in 26-d-old broilers and the Pekin ducks to the high Thr content in the endogenous losses.
The IEAA losses measured from the PF diets were utilized to obtain the TID
values for the six ingredients shown in Table 5-6. After correcting for IEAA losses, TID
are expected to be higher than AID values. Kadim et al. (2002) showed that the increases
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in digestibility values for TID versus AID were more pronounced for cereal grains
compared to the protein feedstuffs due to the lower CP in the cereals. This trend was also
noted in the current study with the differences between mean AID and mean TID for
PEAR was more marked than the five corn hybrids. The difference between mean AID
and TID of AA in PEAR was 11.4 points, while the difference was 36.8 points in the five
corn hybrids.
All the TID values for PEAR were significantly lower (P < 0.0001) than all the
corn hybrids. Glutamic acid (46.75%) and Met (47.25%) were the highest, and Lys
(30.25%) and Asp (33.5) were the lowest two TID for PEAR. For the five corn hybrids,
Cys (average 93. 0%) and Pro (average 95.0%) were the lowest and Lys (average
109.1%) and Iso (average 106.4%) were the highest TID. The TID of Asp, Glu, Ala, Val,
Met, Iso, Leu, and Lys determined herein was greater than 100% for most of the corn
hybrids. Likewise, Kong and Adeola (2013a) reported corn TID values of nine AA (Arg,
Ile, Thr, Val, Cys, Gly, Pro, Ser, and Tyr) determined in White Pekin ducks were greater
than 100%. Serine (109.0%) and Tyr (108.7%) were reported to be the highest TID in the
White Pekin duck study. They noted that the overestimation of TID (values higher than
100%) was due to higher IEAA in corn and these were more pronounced among
ingredients with lower AA levels in the diet (Kong and Adeola, 2013a). In the same
study, however, the author noted that TID values measured in corn for 26-d-old broilers
were not in excess of 100% with Glu (93.4%) and Met (93.3%) to be the two highest
TID. Similarly, Adedokun et al. (2008) also found TID of Trp determined for corn in
broilers was greater than 100%. Stein et al. (2005) had similar findings with corn fed to
pigs with Pro TID in excess of 100%. Therefore, it is likely that the overestimation of
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TID (Asp, Thr, Glu, Ala, Val, Met, Iso, Leu, and Lys) in five corn hybrids from current
study was due to the corresponding high IEAA values, with 0.22, 0.12, 0.29, 0.12, 0.13,
0.05, 0.10, 0.18, and 0.17 g/100g DM, respectively.
The jejunum digesta viscosity of the six ingredients in 35-d old female broilers is
given in Table 5-7. Dietary PEAR (596 g/kg) as the sole protein source significantly
increased jejunum digesta viscosity compared to the C-F, C-V and the PF treatments.
However, the viscosity difference was not significant for PEAR, C-614, C-6360 and C6150.This finding was consistent with the BWG and, AID and TID values for PEAR
shown in Table 5-3, 5-4, and 5-6, respectively. Inclusion of PEAR (596.0 g/kg) in the diet
reduced 35 d BW significantly compared to all the other corn diets. All the AID values
except for Thr and Lys for PEAR were less (P < 0.05) than the corn hybrids (Table 5-4)
and all the TID values for PEAR were less (P < 0.0001) than the corn hybrids (Table 55).
Smits et al. (1997) demonstrated that a water soluble carboxymethylcellulose
preparation with high viscosity reduced BWG, lowered the lipids and nitrogen apparent
fecal digestibility, decreased the starch AID, while increasing the viscosity of the
supernatant of the small intestine digesta and consequently increased bacterial activity in
duodenum and jejunum compared to a low viscosity diet. Choct et al. (1996) found that
the addition of dietary soluble non-starch polysaccharides (NSP) increased gut viscosity
and reduced the apparent ME (AME) and FCR (P < 0.05) in broilers. They noted that
enzyme supplementation in the NSP-enriched diet significantly (P < 0.05) increased the
BWG, FCR, and AME by inhibiting ileal fermentation. It is likely that along with higher
levels of CF (3.70%) and ash (10.25%) in the PEAR diet, higher levels of viscous NSP
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may have increased the viscosity of the supernatant of jejunum digesta, which was shown
to be detrimental to the performance of the broilers.
For the corn based diets, supplementing C-F, C-V, C-614, C-6360 and C-6150 at
820 g/kg had no significant difference in viscosity among all varieties, indicating they
might have similar feeding values for broilers with respect to jejunum viscosity. The AID
and TID values shown in Table 5-4 and Table 5-6 are also in support of these viscosity
findings. However, future research might be needed to evaluate ileum viscosity in
determining the feeding values of different high-Met corn varieties.
In conclusion, the current study determined the apparent and true ileal
digestibility, and jejunum digesta viscosity of a post-extracted algae residue and five
hybrids of high-Met corn in 35-d-old broilers. As for Met digestibility determined for the
five corn hybrids, Corn-F had the highest AID (72.6%) while Corn-6360 had the highest
TID (107.3%). Methionine digestibility of PEAR was approximately half the corn values
with 35.3% for AID and 47.3% for TID, respectively. Post-extracted algae residue was
analyzed to contain 30.2% CP and 0.48% Met (“as is” basis). It contained 27.2% CP and
0.17% Met (apparent digestible basis), and 0.23% Met (true digestible basis). Corn-F was
determined to be the most Met-rich corn in the five corn hybrids with 7.3% CP and
0.18% Met (“as is” basis). Corn-F contained 5.8% CP, 0.13% Met (apparent digestible
basis), and 0.18% Met (true digestible basis). Therefore, the current study established the
digestible AA profile for these Met-rich feedstuffs and their potential application in
broiler formulation without synthetic Met supplementation.

149

REFERENCES
Adedokun, S. A., O. Adeola, C. M. Parsons, M. S. Lilburn, and T. J. Applegate. 2008.
Standardized ileal amino acid digestibility of plant feedstuffs in broiler chickens
and turkey poults using a nitrogen-free or casein diet. Poult. Sci. 87:2535-2548.
Adedokun, S. A., O. Adeola, C. M. Parsons, M. S. Lilburn, and T. J. Applegate. 2011.
Factors affecting endogenous amino acid flow in chickens and the need for
consistency in methodology. Poult. Sci. 90:1737-1748.
Angel, R., N. M. Tamim, T. J. Applegate, A. S. Dhandu, and L. E. Ellestad. 2002. Phytic
acid chemistry: influence on phytin-phosphorus availability and phytase efficacy.
J. Appl. Poult. Res. 11:471-480.
AOAC, 2006. Official Methods of Analysis. AOAC Int., Gaithersburg, MD.
AOCS, 2006. Official Methods and Recommended Practices of the AOCS. American Oil
Chemists Society Urbana, IL.
Beaman, K. R., K. G. S. Lilly, C. K. Gehring, P. J. Turk, and J. S. Moritz. 2012. Influence
of pelleting on the efficacy of an exogenous enzyme cocktail using broiler
performance and metabolism. J. Appl. Poult. Res. 21:744-756.
Blair, R. 2008. Nutrition and Feeding of Organic Poultry. CABI, Wallingford, UK.
Bryant, H. L., I. Gogichaishvili, D. Anderson, J. W. Richardson, J. Sawyer, T.
Wickersham, M. L. Drewery. 2012. The value of post-extracted algae residue.
Algal Res. 1:185-193.
Burley, H. K. 2012. Enrichment of methionine from naturally concentrated feedstuffs for
use in organic poultry diets. PhD Diss. The Pennsylvania State University,
University Park, PA.
Choct, M., R. J. Hughes, J. Wang, M. R. Bedford, A. J. Morgan, and G. Annison. 1996.
Increased small intestinal fermentation is partly responsible for the anti‐nutritive
activity of non‐starch polysaccharides in chickens. Brit. Poult. Sci. 37:609-621.
Cobb. 2012. Cobb 500 Broiler Management Guide.
Coleman, C. E., M. A. Lopes, J. W. Gillikin, R. S. Boston, and B. A. Larkins. 1995. A
defective signal peptide in the maize high-lysine mutant floury 2. Proc. Natl.
Acad. Sci. 92:6828-6831.
de Coca-Sinova, A., D. G. Valencia, E. Jiménez-Moreno, R. Lázaro, and G. G. Mateos.

150

2008. Apparent ileal digestibility of energy, nitrogen, and amino acids of soybean
meals of different origin in broilers. Poult. Sci. 87:2613-2623.
Fanatico, A. C. 2010. Organic poultry production: providing adequate methionine.
ATTRA-National Sustainable Agriculture Information Service (19 pp.).
FDA. 2015. Substances generally recognized as safe Electronic Code of Federal
Regulations: Part 582 - Food and Drug Administration, Department of Health and
Human Services.
Furuya, S., and Y. Kaji. 1989. Estimation of the true ileal digestibility of amino acids and
nitrogen from their apparent values for growing pigs. Anim. Feed Sci. Technol.
26:271-285.
Garcia, A. R., A. B. Batal, and N. M. Dale. 2007. A comparison of methods to determine
amino acid digestibility of feed ingredients for chickens. Poult. Sci. 86:94-101.
Gehrke, C. W., P. R. Rexroad, R. M. Schisla, J. S. Absheer, and R. W. Zumwalt. 1987.
Quantitative analysis of cystin, methionine, lysine, and nine other amino acids by
a single oxidation-4 hour hydrolysis method. J. Assoc. Off. Ana. Chem. 70:171174.
Goldstein, W., L. M. Pollak, C. Hurburgh, N. Levendoski, J. Jacob, C. Hardy, M. Haar, K.
Montgomery, S. Carlson, and C. Sheaffer. 2008. Breeding maize with increased
methionine content for organic farming. In: Organic Agriculture in Asia
Proceedings of the Regional ISOFAR Conference. Sohn, S.M., and U. Koepke.
ed. The Republic of Korea.
Huang, K. H., X. Li, V. Ravindran, and W. L. Bryden. 2006. Comparison of apparent ileal
amino acid digestibility of feed ingredients measured with broilers, layers, and
roosters. Poult. Sci. 85:625-634.
Imbeah, M., W. C. Sauer, and R. Mosenthin. 1988. The prediction of the digestible amino
acid supply in barley-soybean meal or canola meal diets and pancreatic enzyme
secretion in pigs. J. Anim. Sci. 66:1409–1417.
Jacob, J. P., N. Levendoski, and W. Goldstein. 2008. Inclusion of high methionine corn in
pullet diets. J. Appl. Poult. Res. 17:440-445.
Janczyk, P., B. Halle, and W. B. Souffrant. 2009. Microbial community composition of
the crop and ceca contents of laying hens fed diets supplemented with Chlorella
vulgaris. Poult. Sci. 88:2324-2332.
Jankowski, J., M. Kubińska, and Z. Zduńczyk. 2014. Nutritional and immunomodulatory
function of methionine in poultry diets–a review. J. Anim. Sci. 14:17-32.

151

Janssen, W. M. M. A. 1989. European table of energy values for poultry feedstuffs. 3 ed.
Spelderholt Center for Poultry Research and Information Services, Beekbergen,
Netherlands.
Janssen, W. M. M. A., K. Terpstra, F. F. E. Beeking, and A. J. N. Bisalsky. 1979. Feeding
Values for Poultry. 2 ed. Spelderholt Center for Poultry Research and Information
Services, Beekbergan, Netherlands.
Kadim, I. T., P. J. Moughan, and V. Ravindran. 2002. Ileal amino acid digestibility assay
for the growing meat chicken--comparison of ileal and excreta amino acid
digestibility in the chicken. Br. Poult. Sci. 43:588-597.
Kim, E. J., P. L. Utterback, and C. M. Parsons. 2011. Development of a precision-fed
ileal amino acid digestibility assay using 3-week-old broiler chicks. Poult. Sci.
90:396-401.
Kim, J. C., P. H. Simmins, B. P. Mullan, and J. R. Pluske. 2005. The effect of wheat
phosphorus content and supplemental enzymes on digestibility and growth
performance of weaner pigs. Anim. Feed Sci. Technol. 118:139-152.
Kluth, H., and M. Rodehutscord. 2009. Effect of inclusion of cellulose in the diet on the
inevitable endogenous amino acid losses in the ileum of broiler chicken. Poult.
Sci. 88:1199-1205.
Kong, C., and O. Adeola. 2010. Apparent ileal digestibility of amino acids in feedstuffs
for White Pekin ducks. Poult. Sci. 89:545-550.
Kong, C., and O. Adeola. 2013a. Additivity of amino acid digestibility in corn and
soybean meal for broiler chickens and White Pekin ducks. Poult. Sci. 92:23812388.
Kong, C., and O. Adeola. 2013b. Ileal endogenous amino acid flow response to nitrogenfree diets with differing ratios of corn starch to dextrose in broiler chickens. Poult.
Sci. 92:1276-1282.
Lemme, A., V. Ravindran, and W. L. Bryden. 2004. Ileal digestibility of amino acids in
feed ingredients for broilers. World. Poult. Sci. J. 60:423-437
Lien, K. A., W. C. Sauer, and M. Fenton. 1997. Mucin output in ileal digesta of pigs fed a
protein-free diet. Zeitschrift für Ernährungswissenschaft 36:182-190.
Lorenzoni, C., C. Fogher, M. Bertolini, N. D. Fonzo, E. Gentinetta, T. Maggiore, and F.
Salamini. 1980. Short communication on the relative merit of opaque-2, floury-2,
and opaque-2 floury-2 in breeding maize for quality. Maydica. 25:33-39.

152

Muus, J. 1954. The amino acid composition of human salivary amylase. J. Am. Chem.
Soc. 76:5163-5165.
Nahm, K. H. 2007. Feed formulations to reduce N excretion and ammonia emission from
poultry manure. Bioresour. Technol. 98:2282-2300.
NRC. 1994. Nutrient Requirments of Poultry. 9th rev. ed. National Academy Press,
Washington, D.C.
Price, J., T. A. Wickersham, M. P. Williams, J. Klein, and J. T. Lee. 2013. Evaluation of a
post-extraction algal residue as a feed ingredient in broiler and laying hen diets.
Poult. Sci. 92:(Suppl. 1).
Ravindran, V., and W. L. Bryden. 1999. Amino acid availability in poultry—In vitro and
in vivo measurements. Crop Pasture Sci. 50:889-908.
Ravindran, V., S. Cabahug, G. Ravindran, and W. Bryden. 1999. Influence of microbial
phytase on apparent ileal amino acid digestibility of feedstuffs for broilers. Poult.
Sci. 78:699-706.
Ravindran, V., L. I. Hew, and G. Ravindran. 2004. Endogenous amino acid flow in the
avian ileum: quantification using three techniques. Br. J. Nutr. 92:217-223.
Ravindran, V., L. I. Hew, G. Ravindran, and W. L. Bryden. 2005. Apparent ileal
digestibility of amino acids in dietary ingredients for broiler chickens. Anim. Sci.
81:85-97.
Ross, E., and W. Dominy. 1990. The nutritional value of dehydrated, blue-green algae
(Spirulina plantensis) for poultry. Poult. Sci.69:794-800.
Rothman, S., C. Liebow, and L. Isenman. 2002. Conservation of digestive enzymes.
Physiological reviews 82: 1-18.
SAS. 2013. SAS User's Guide: Version 9.4. SAS Institute Inc. , Cary, NC.
Smits, C. H., A. Veldman, M. W. Verstegen, and A. C. Beynen. 1997. Dietary
carboxymethylcellulose with high instead of low viscosity reduces macronutrient
digestion in broiler chickens. J. Nutr. 127:483-487.
Steel, R. G. D., and J. H. Torrie. 1980. Principles and procedures of statistics, a
biometrical approach. McGraw-Hill Kogakusha, Ltd., Tokyo, Japan.
Stein, H. H., C. Pedersen, A. R. Wirt, and R. A. Bohlke. 2005. Additivity of values for
apparent and standardized ileal digestibility of amino acids in mixed diets fed to

153

growing pigs. J. Anim. Sci. 83:2387-2395.
Stilborn, H. L., E. T. Moran, R. M. Gous, and M. D. Harrison. 2010. Influence of age on
carcass (feather-free) amino acid content for two broiler strain-crosses and sexes.
J. Appl. Poult. Res. 19:13-23.
Sujatha, T., and D. Narahari. 2011. Effect of designer diets on egg yolk composition of
‘White Leghorn’ hens. J. Food Sci. Technol. 48:494-497.
Toyomizu, M., K. Sato, H. Taroda, T. Kato, and Y. Akiba. 2001. Effects of dietary
Spirulina on meat colour in muscle of broiler chickens. Br. Poult. Sci. 42:197202.
USDA. 2015. National list of allowed and prohibited substances Electronic Code of
Federal Regulations: Part 205 - National Organic Program.
van der Poel, A. F. B., M. van Krimpen, T. Veldkamp, and R. P. Kwakkel. 2013.
Unconventional protein sources for poultry feeding – opportunities and threats.
Proc. 19th European Symp. Poult. Nutr., Potsdam, Germany.
Wen, C., P. Wu, Y. Chen, T. Wang, and Y. Zhou. 2014. Methionine improves the
performance and breast muscle growth of broilers with lower hatching weight by
altering the expression of genes associated with the insulin-like growth factor-I
signalling pathway. Brit. Poult. Sci. 111:201-206.

154
Table 5-1. Nutrient composition of post-extracted algae residue (PEAR) and five varieties of high-methionine corn (“as
is” basis).
PEAR1

C-F2

C-V2

Ingredient
C-6143

C-63603

C-61503

Nutrient (%)
GE (Kcal/kg)
4,350
3,383
3,540
3,641
3,717
3,657
ME (Kcal/kg)
2,747
3,046
3,206
3,303
3,366
3,318
NFE4
37.1
70.19
71.07
72.27
73.50
73.05
Dry matter
89.8
83.06
85.23
88.11
89.35
88.6
Crude protein
30.2
7.33
7.37
9.12
8.68
8.94
Crude fat
2.89
1.94
3.41
3.28
3.66
3.19
Crude fiber
9.08
2.69
2.48
2.20
2.40
2.20
Ash
10.5
0.91
0.90
1.24
1.11
1.22
Amino acids (%)
Met
0.48
0.18
0.15
0.13
0.13
0.14
Cys
--0.18
0.15
0.15
0.15
0.16
Lys
0.6
0.22
0.24
0.28
0.28
0.30
Asp
2.76
0.43
0.45
0.60
0.54
0.57
Thr
1.09
0.25
0.25
0.31
0.29
0.30
Leu
2.27
0.84
0.85
1.18
1.03
1.05
Iso
1.17
0.24
0.25
0.33
0.30
0.31
Val
1.64
0.33
0.32
0.42
0.38
0.41
Gly
1.75
0.28
0.28
0.31
0.31
0.33
Glu
3.41
1.29
1.29
1.66
1.49
1.55
Ala
2.2
0.50
0.52
0.68
0.61
0.64
Pro
1.29
0.64
0.58
0.71
0.67
0.68
Mineral (%)1,5
Calcium
0.085
0.004
--------Total phosphors
0.393
0.209
--------Potassium
--0.321
--------Phytic acid
0.164
----------Calculated nPP 6
0.347
----------Magnesium
---0.078
--------Sulfur
---0.115
--------Sodium
3.34
0.001
--------Iron (ppm)
--14.30
--------Copper (ppm)
--1.48
--------Manganese (ppm)
--4.11
--------Zinc (ppm)
--17.76
--------1
Post-extracted algae residue (PEAR) (2nd generation) was acquired from the Department of Poultry Science, Texas
A&M University (College Station, TX) and the nutrient values were received from NP analytical laboratories (St.
Louis, MO); ME (kcal/kg) value was calculated using Janssen et al. (1979) equation (#6008) 15.51 x CP + 26.01x EE
+ 13.16 x NEF (for malt sprout).
2
Corn-V and Corn-F were sourced from Masters Choice (Anna, IL); nutrient values were determined by the University
of Missouri Agricultural Experimental Station Chemical Laboratories (ESCL) (Columbia, MO); ME (kcal/kg) values
were calculated using equation 36.21 x CP + 85.44 x EE + 37.26 x NFE (for corn grain) (Janssen, 1989).
3
Corn-614, Corn-6160, and Corn-6350 were sourced from Masters Choice (Anna, IL); nutrient values were received
from Barrow-Agee Laboratories Inc. (Memphis, IN); ME (kcal/kg) values were calculated using equation 36.21 x CP +
85.44 x EE + 37.26 x NFE (for corn grain) (Janssen, 1989).
4
Nitrogen free extract (NFE) was calculated using the equation NEF= DM-CP-EE-CF-Ash (NRC, 1994).
5
Mineral values except PEAR were received from the Agricultural Analytical Service Lab at the Pennsylvania State
University (University Park, PA).
6
Nonphytate phosphorus (nPP) values were calculated using the following equation: analyzed total P − (analyzed
phytic acid × 0.282); this equation is used because approximately 28.2% of the phytic acid is phosphorus (Angel et al.,
2002).
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Table 5-2. Nutrient composition of experiment diets (“as is” basis)1.
Diets2
C-V

PF
PEAR
C-F
C-614
C-6360
C-6150
Ingredient (%)
PEAR
--59.6
----------C-V
------82.0
------C-F
----82.0
--------C-614
--------82.0
----C-6360
----------82.0
--C-6150
------------82.0
Dextrose6
84.34
26.74
5.08
7.28
5.08
5.08
5.08
Cellulose
3.00
0.00
0.00
0.00
0.00
0.00
0.00
Corn oil
6.00
7.14
6.41
4.21
6.41
6.41
6.41
Celite7
2.00
2.00
2.00
2.00
2.00
2.00
2.00
Dical P
2.00
2.00
1.75
1.75
1.75
1.75
1.75
Limestone
1.36
1.23
1.46
1.46
1.46
1.46
1.46
Vit-TM premix3
0.80
0.80
0.80
0.80
0.80
0.80
0.80
Salt
0.50
0.50
0.50
0.50
0.50
0.50
0.50
Calculated composition4
Dry matter
86.50
85.36
86.85
85.36
85.80
79.72
79.11
ME (kcal/kg)
3656
3200
3300
3300
3300
3563
3523
Crude protein
0.00
17.99
6.01
6.04
6.01
7.12
7.33
Calcium
0.84
0.84
0.84
0.84
0.84
0.84
0.84
Available P
0.42
0.42
0.42
0.42
0.45
0.45
0.45
Analyzed nutrients5
Dry matter
91.06
89.41
87.43
86.91
90.61
90.81
90.78
Crude protein
0.94
22.11
6.41
6.60
8.16
7.30
7.57
Ether extract
2.04
10.63
3.54
4.21
4.59
4.91
4.83
Crude fiber
1.65
3.70
1.82
1.82
2.20
2.15
2.53
Ash
6.02
10.25
6.95
6.61
6.45
6.33
6.75
Met
0.00
0.39
0.14
0.16
0.13
0.13
0.13
Cys
0.00
0.12
0.12
0.15
0.12
0.12
0.13
Met + Cys
0.00
0.51
0.26
0.31
0.25
0.25
0.26
Lys
0.01
0.55
0.20
0.17
0.21
0.22
0.21
Asp
0.00
1.74
0.41
0.39
0.51
0.48
0.47
Thr
0.00
0.87
0.20
0.20
0.25
0.22
0.22
Leu
0.00
1.53
0.56
0.57
0.92
0.76
0.77
Iso
0.00
0.78
0.17
0.17
0.25
0.22
0.22
Val
0.00
1.06
0.26
0.26
0.34
0.32
0.32
Gly
0.01
1.02
0.25
0.24
0.26
0.27
0.27
Glu
0.01
1.86
1.00
1.03
1.39
1.18
1.24
Ala
0.01
1.40
0.42
0.41
0.57
0.50
0.52
Pro
0.01
0.79
0.39
0.44
0.51
0.50
0.48
1
Birds received standard corn/soy starter from d 0-21 and grower diet from d 21-28, respectively; birds received
transition diet from d 29-30; birds fed on 100% experiment diet from d 31-35.
2
PF = Protein-free diet; PEAR = post-extracted algal residue; Corn-F = floury type corn; Corn-V = vitreous type corn;
C-614 = Corn-614; C-6360 = Corn-6360; C-6150 = Corn-6150.
3
Supplied per kilogram of diet: vitamin A, 7,937 IU; vitamin D, 2,646 IU; vitamin E, 19.8 IU; riboflavin, 5.3 mg;
pantothenic acid, 9.3 mg; niacin, 39.7 mg; choline, 401 mg; vitamin B12, 10.6 μg; biotin, 66.0 μg; Mn, 79.4 mg; Fe,
33.1 mg; I, 1.0 mg; Cu, 5.3 mg; Zn, 66.1 mg; and Se, 180 μg.
4
Calculated nutrient content was based on ingredient composition data from NRC (1994).
5
Nutrient and amino acid analyses of all diets were analyzed in triplicate at the University of Missouri Agricultural
Experimental Station Chemical Laboratories (ESCL) (Columbia, MO).
6
Dextrose was purchased from Ingredion Incorporated (Westchester, IL) as the main carbohydrate source in the PF
diet.
7
Celite were purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO), a naturally occurring soft, chalklike rock, which served as the indigestible marker in current study (Beaman et al., 2012).
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Table 5-3. Mean body weight (BW, kg/bird) and BW gain (BWG, kg/bird)1, 3.
35 d BW
28-35 d BWG
(kg/bird)
PF
1.555
1.503b
-0.052b
b
PEAR
1.508
1.437
-0.071b
a
C-V
1.506
1.713
0.207a
a
C-F
1.540
1.704
0.164a
a
C-614
1.524
1.708
0.184a
a
C-6360
1.484
1.678
0.194a
a
C-6150
1.521
1.693
0.173a
2
SEM
0.0317
0.0330
0.0138
P-value
0.7698
<0.0001
<0.0001
a-c
Means within the same column with no common superscript differ significantly (P ≤ 0.05).
1
PF = Protein-free diet; PEAR = post-extracted algal residue; Corn-F = floury type corn; Corn-V = vitreous
type corn; C-614 = Corn-614; C-6360 = Corn-6360; C-6150 = Corn-6150.
2
SEM = Pooled standard error of the means.
3
Birds received standard corn/soy starter from 0 to 21 d and grower diet from 21 to 28 d, respectively; birds
received transition diet from 29 to 30 d; birds fed on 100% experiment diet from 31 to 35 d.
Diet1

28 d BW
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Table 5-4. Mean ileal endogenous amino acid losses (g/100 g DM) 1 and the ratio of each amino acid to
lysine in the ileal endogenous flow of broilers fed protein-free diets with dextrose as the only carbohydrate
source.
Burley,
Item
Current study1
20122
Age, d
35
35
Dextrose in the diet, %
84.3
84.2
Indispensable AA
Leu
0.18
0.04
Lys
0.17
0.02
Met
0.05
0.01
Thr
0.12
0.04
Val
0.13
0.04
Dispensable AA
Ala
0.12
0.03
Asp
0.22
0.05
Cys
0.04
0.02
Glu
0.29
0.06
Gly
0.11
0.03
Iso
0.10
0.02
Pro
0.10
0.04
Indispensable AA: Lys
Leu: Lys
1.06
2.00
Lys: Lys
1.00
1.00
Met: Lys
0.29
0.50
Thr: Lys
0.71
2.00
Val: Lys
0.76
2.00
Dispensable AA: Lys
Ala: Lys
0.71
1.50
Asp: Lys
1.29
2.50
Cys: Lys
0.24
1.00
Glu: Lys
1.71
3.00
Gly: Lys
0.65
1.50
Iso: Lys
0.59
1.00
Pro: Lys
0.59
2.00
1
Values were calculated from the protein-free (PF) diet.
2
Data sourced from Burley (2012).
3
Data sourced from Kong and Adeola (2013a).
4
Data sourced from Ravindran et al. (2004).

Kong & Adeola,
2013a3
26
84.9

Ravindran et al.,
20044
35
81.9

0.09
0.06
0.02
0.08
0.07

-----------

0.06
0.10
0.11
0.13
0.06
--0.07

---------------

1.39
1.00
0.27
1.28
1.05

2.10
1.00
0.48
2.45
2.00

0.91
1.61
1.72
2.12
1.04
--1.07

---------------
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Table 5-5. Apparent ileal amino acid digestibility (%)1, 4.
Diet2
PEAR
C-F
C-V
C-614
C-6360
C-6150
SEM3
P-value

Asp%
21.87b
51.11a
56.47a
63.72a
63.73a
63.35a
4.709
<0.0001

Thr%
25.73b
41.23ab
49.33a
53.48a
50.88a
48.05a
4.560
0.0062

Glu%
32.90b
74.66a
75.00a
81.57a
80.87a
79.50a
2.644
<0.0001

Pro%
27.58b
74.89a
69.36a
78.52a
77.98a
78.43a
3.157
<0.0001

Gly%
25.03b
54.06a
54.31a
57.62a
59.60a
59.53a
4.898
0.0016

Ala%
36.33b
73.99a
74.60a
81.32a
80.68a
79.32a
2.670
<0.0001

Cys%
--65.70
56.31
61.02
65.17
61.60
4.915
0.5563

Val%
27.62b
56.01a
57.23a
66.82a
67.17a
66.53a
4.391
<0.0001

Met%
35.33b
72.59a
71.10a
68.86a
69.38a
69.15a
3.475
<0.0001

Overall
Crude
Crude
Crude
Iso%
Leu%
Lys%
mean% protein%
fat%
fiber%
Ash%
PEAR
27.52b
33.02b
14.40
28.35b
90.13a
--18.65b
30.15
C-F
51.13a
74.53a
30.38
60.51a
79.44a
14.88
59.14a
30.93
C-V
55.36a
74.73a
43.77
61.17a
67.13b
16.35
57.47a
28.90
C-614
68.13a
84.70a
34.58
66.70a
81.08a
16.22
67.07a
27.73
C-6360
66.73a
82.73a
39.95
67.08a
79.83a
28.10
66.90a
32.92
C-6150
65.53a
81.88a
40.22
66.08a
81.02a
24.03
65.80a
34.55
SEM3
4.796
2.682
6.322
3.704
2.674
5.781
4.527
3.813
P-value <0.0001 <0.0001 0.1268 <0.0001 <0.0001
0.4855 <0.0001 0.7865
a-c
Means within the same column with no common superscript differ significantly (P ≤ 0.05).
1
Percentage data analyzed with an arcsine transformation.
2
PEAR = post-extracted algal residue; Corn-F = floury type corn; Corn-V = vitreous type corn; C-614 =
Corn-614; C-6360 = Corn-6360; C-6150 = Corn-6150.
3
SEM = Pooled standard error of the means.
4
Birds received standard corn/soy starter from 0 to 21 d and grower diet from 21 to 28 d, respectively; birds
received transition diet from 29 to 30 d; birds fed on 100% experiment diet from 31 to 35 d.
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Table 5-6. True ileal amino acid digestibility (%)1, 3.
Diet1
PEAR
C-F
C-V
C-614
C-6360
C-6150
SEM\2
P-value

n
4
7
7
6
6
6
-

Asp%
33.50b
101.57a
104.00a
103.33a
106.83a
106.00a
4.751
<0.0001

Thr%
38.50b
96.14a
94.86a
99.17a
101.50a
100.00a
6.534
<0.0001

Glu%
46.75b
98.86a
100.14a
100.50a
102.00a
101.67a
2.634
<0.0001

Pro%
38.50b
94.29a
91.57a
96.17a
96.50a
96.50a
3.183
<0.0001

Gly%
35.00b
94.57a
93.29a
96.83a
98.17a
98.17a
4.907
<0.0001

Ala%
44.00b
99.71a
99.86a
100.67a
102.00a
101.67a
2.704
<0.0001

Cys%
--92.14a
88.71a
94.67a
96.67a
95.33a
4.974
0.7292

n
Val%
Met%
Iso%
Leu%
Lys%
Overall mean
PEAR
4
38.75b
47.25b
39.50b
43.25b
30.25b
39.75b
a
a
a
a
a
C-F
7
99.14
101.29
103.57
101.29
103.86
99.00a
a
a
a
a
a
C-V
7
100.00
104.14
107.14
102.57
111.29
99.86a
a
a
a
a
a
C-614
6
101.67
105.50
105.17
102.00
107.83
101.2a
a
a
a
a
a
C-6360
6
103.67
107.33
108.50
103.67
112.17
103.2a
a
a
a
a
a
C-6150
6
103.00
107.00
107.83
103.00
110.17
102.5a
2
SEM
4.394
3.487
4.770
2.689
7.604
4.256
P-value
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
a-c
Means within the same column with no common superscript differ significantly (P ≤ 0.05).
1
PEAR = post-extracted algal residue; Corn-F = floury type corn; Corn-V = vitreous type corn; C-614 =
Corn-614; C-6360 = Corn-6360; C-6150 = Corn-6150.
2
SEM = Pooled standard error of the means.
3
Birds received standard corn/soy starter from 0 to 21 d and grower diet from 21 to 28 d, respectively; birds
received transition diet from 29 to 30 d; birds fed on 100% experiment diet from 31 to 35 d.
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Table 5-7. Jejunum digesta viscosity of female broiler chickens at 35 days of age 1, 4.
Diet2
Viscosity (cPs1)
PF
0.64b
PEAR
1.08a
C-V
0.69b
C-F
0.67b
C-614
0.72ab
C-6360
0.74ab
C-6150
0.72ab
SEM3
0.086
P-value
0.0128
a-c
Means within the same column with no common superscript differ significantly (P ≤ 0.05).
1
cPs = centipoises
2
PEAR = post-extracted algal residue; Corn-F = floury type corn; Corn-V = vitreous type corn; C-614 =
Corn-614; C-6360 = Corn-6360; C-6150 = Corn-6150.
3
SEM = Pooled standard error of the means.
4
Birds received standard corn/soy starter from 0 to 21 d and grower diet from 21 to 28 d, respectively; birds
received transition diet from 29 to 30 d; birds fed on 100% experiment diet from 31 to 35 d.
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Chapter 6
CONCLUSIONS
In the United States, synthetic methionine (Met) is the only dietary amino acid
(AA) allowed for supplementation in organic poultry production due to its critical
importance for optimal growth and production and because it is relatively deficient in
typical broiler corn-soybean meal based diets (Fanatico, 2010). On March 15, 2011,
synthetic Met was limited to 4, 5, and 6 lbs per ton for laying hens, broilers, and turkeys
and other poultry, respectively, according to the United States Department of Agriculture
(USDA) National Organic Program (NOP) [7 CFR 205. 03 (d)(1)] (USDA, 2011). After
October 2, 2012, the levels were further restricted to 2, 2, and 3 lbs per ton, and they
allowed this to be averaged over the life of the flock for laying hens, broilers and turkeys
and all other poultry, respectively, according to the final rule [7 CFR 205. 603(d)(1)]
(USDA, 2012). For organic producers, the current limitation and potential ban of
synthetic Met could lead to reduced bird growth and production and subsequent
economic losses (Fanatico, 2010; USDA, 2015).
Several alternative strategies to meet poultry’s Met requirements have been
proposed as 1) genetic selection of broiler breeds (Fanatico, 2010); 2) diet formulation
and feeding strategies (i.e. diet formulation, choice feeding and foraging) (Blair, 2008;
Fanatico, 2010; Burley, 2012); 3) utilization of naturally occurring Met-rich feedstuffs in
place of conventional feedstuffs (Fanatico, 2010); 4) naturally fermented Met (Willke,
2014); and 5) supplementation of organic approved microbial prepared enzymes (Choct
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et al., 2004; Ni Gusti Ayu et al., 2005; Blair, 2008). The thesis herein reviewed the
naturally occurring Met-rich feedstuffs most suitable for organic broilers as following:
5) Plant energy ingredients, i.e. high-Met corn (HMC), naked oats (NO), hulless
barley, triticale;
6) Plant protein ingredients, i.e. lentils, potato protein concentrate, corn-gluten
meal, de-hulled screw pressed sunflower seeds meal (SSM), sesame meal, deshelled Brazil nuts, and soy protein concentrate;
7) Animal protein ingredients, i.e. egg products, fishmeal, dairy by-products; and
8) Unconventional protein ingredients, i.e. earthworms, Black Soldier Fly (BSF)
prepupae meal, brewer’s yeast, and post-extracted algae residue (PEAR).
From a preliminary study conducted at the Pennsylvania State University by
Burley (2012), four Met-rich feedstuffs, i.e. organic de-shelled Brazil nuts, organic dehulled SSM, earthworms, and organic inedible egg products were extracted to produce
the Met-rich protein meals for organic poultry production. As a result, the most Metconcentrated and cost effective post-extracted Met-rich protein meals were Brazil nut
protein powder (BNPP) (3.59% Met on DM basis and $ 0.14/g Met), retail spray-dried
egg white (SDEW) (3.33% Met on DM basis and $0.11/g Met), and spray dried egg
blend (70:30 albumen: yolk) (SDEB) (2.55% Met on DM basis and $0.07/g Met). These
Met-rich feedstuffs were further investigated in a laying hen feeding trial, two broiler
feeding trials, and a digestibility trial in 35-d-old broilers. From the feeding trials for
layers and broilers, it was indicated that BNPP successfully replaced synthetic Met with
growth and production equal to a commercial control diet with synthetic Met
supplementation; however, limited quantities would prevent widespread commercial
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application. Both egg products, SDEW and SDEB, containing ~ 0.05% avidin (biotinbinding protein found in egg white), protease inhibitors, and low digestibility limited
their use in organic poultry diets. In the 35-d-old broiler digestibility trial, Burley (2012)
also determined the apparent ileal digestibility (AID) and true ileal digestibility (TID) of
the hulless barley, NO, de-hulled, screw pressed SSM, BNPP, SDEW and SDEB, thereby
establishing digestible AA profiles for these Met-rich feedstuffs for diet formulation.
In the current study, the nutrient composition of three groups of Met-rich
feedstuffs were evaluated including 1) plant energy ingredients: HMC, NO, and triticale;
2) plant protein ingredients: lentils, de-hulled, screw pressed SSM; and 3) unconventional
protein ingredient: BSF and PEAR (Table 6-1). Several selected Met-rich feedstuffs
(HMC, NO, BSF, and PEAR) were further investigated in three individual broiler feeding
trials. In the current study, to demonstrate if these organic alternatives to synthetic Met
are commercially available, cost-effectively, environmentally sustainable to effectively
replace synthetic Met in organic broiler diets without sacrificing production or
profitability, the following aspects were evaluated: 1) are they consistent with the NOP
regulations, i.e. natural (non-synthetic) substances and approved synthetic substances on
the National List of Allowed and Prohibited Substances); 2) market availability and the
economic feasibility; 3) growth and production parameters compared to the control diets
with synthetic Met; and 4) the potential for lowering bird nitrogen (N) excretion to the
environment.
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PLANT ENERGY INGREDIENTS
As for the plant energy ingredients, HMC has been recognized as a potential Metrich feedstuff for organic poultry production. From the current study, the crude protein
(CP) and Met concentration of five hybrids of HMC: Corn-F (C-F), Corn-V (C-V), CM614 (C-614), CM-6360 (C-6360), CM-6150 (C-6150) were determined to contain 8.8,
8.7, 10.3, 9.7, and 10.0% CP, and 0.22, 0.18, 0.15, 0.15, and 0.16% Met, on a DM basis,
respectively, indicated only C-F and C-V were higher or comparable in Met with
conventional corn (0.18% Met on DM basis). The AID of Met in the five HMC hybrids
ranged from 72.6% for C-F to 68.9% for C-614, while TID of Met ranged from 108.5 %
for C-6150 to 101.3% for C-F, respectively. Birds fed the five corn hybrids had no
significant effects on jejunum digesta viscosity compared to the protein-free (PF) birds
(P > 0.05). Because of the high Met and desired CP levels, ileal digestibility and jejunum
viscosity of C-F, less protein and AA nitrogen will show up in the manure and result in
less ammonia emission to the environment. Thus, C-F was considered the most
environmentally sustainable corn to replace synthetic Met. However, the costs of HMC
are 1.2 times that of conventional corn (0.185% Met on DM basis and $0.32/ g Met) and
greater than synthetic DL-Met ($ 0.0047/g Met) (Goldstein et al., 2008; Burley, 2012).
Furthermore, the market availability of HMC is currently limited due to the higher
moisture and lower crop yield compared to conventional corn, however, many
institutions and organizations, e.g. the Michael Fields Agricultural Institute (MFAI),
USDA-ARS, the Mandaamin Institute (MI), and Practical Farmers of Iowa (PFI) have
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investigated yield competitive HMCs with higher Met (Jacob et al., 2008; Goldstein,
2014).
In the current study, NO was determined to be more energy dense and richer in
CP and Met than corn, with ME at 3,524 versus 3,350 kcal/kg, CP at 15.5 % versus 8.7%,
and Met at 0.24 versus 0.16 %, on an “as is” basis for naked oats and corn, respectively.
In the preliminary digestibility trial of naked oats, Burley (2012) found the AID and TID
of Met were favorable at 76.3 and 79.2%, respectively, in 35-d-old broilers. In the current
21-d-old broiler feeding trial, it was demonstrated that NO formulated at 571 and 654
g/kg without enzyme supplementations for the starter and grower phases, respectively,
could entirely replace corn with lower synthetic Met supplementation (0.03% DL-Met)
without increasing the dietary CP. Compared to the corn-soybean meal control (CS) diets
with 0.15 and 0.14 % DL-Met supplementation, there was no significant difference in
body weight (BW), feed intake (FI), or mortality for the NO diets without
supplementation of enzymes (P > 0.05). Macleod et al. (2008) showed that NO contains
non-starch polysaccharides (NSP), e.g. 𝛽-glucans and pentosans, which are responsible
for increasing digesta viscosity, reducing digestibility, and decreasing growth
performance at higher inclusion rates. Supplementing 𝛽-glucanase increased the apparent
metabolisable energy digestibility by 5% and decreased the jejunum viscosity by 70% in
broilers fed a 500g/kg naked oats based diet.It was also shown herein that body weight
gain (BWG) and feed conversion ratio (FCR) were better in the CS diets than the NO
diets with no enzyme supplementation from 10 to 21 d and the overall period (P < 0.05).
Additionally, Rovabio Excel AP10 (a combination of 19 enzymes produced by a strain of
Penicillium funiculosum) was supplemented alone at 0.05%, or supplemented in

166

combination with Optiphos (a phytase) at 0.025% in the NO based diets with lower
synthetic Met supplementation (EFSA, 2011, 2013). Results demonstrated that there was
no significant difference in 21 d BW, 10 to 21 d and overall BWG, 10 to 21 d FI, 10-21 d
and overall FCR between the CS fed birds and the NO fed birds receiving dietary
Rovabio alone or in combination with Optiphos, indicating chicks received nutritional
benefits from Rovabio Excel supplementation. As for the processing yields, the diet
supplemented with Rovabio Excel alone significantly improved live bird BW (P =
0.002), breast wt (P = 0.0001), leg wt (P = 0.0001), cage wt (P < 0.0001) and carcass wt
(P < 0.0001) compared to those fed the NO diet with no enzyme or the NO diet
supplemented with Optiphos alone. Rovabio Excel increased AID coefficients of 12 AA
by an average of 15.1%, Optiphos increased AID by an average of 14.2% and the
combination by an average of 15.9%. Therefore, it is likely that NO could be
supplemented to broilers up to 57 and 65% in starter and grower diets without detrimental
effects on growth and production even in the Met challenged situation without enzymes;
however, NO supplemented with Rovabio Excel alone or together with Optiphos
successfully improved the BWG, FCR, processing yields and the ileal digestibility of the
AA compared to the NO diets with no enzyme, with comparable growth and production
to the CS diets. The cost of the organic NO ($ 0.50/g Met) is higher than organic corn ($
0.32/g Met) and greater than synthetic DL-Met ($ 0.0047/g Met); however, the desirable
energy, CP, and Met levels, and favorable digestibility and potential to reduce N excretion
to the environment with supplementation of organic approved enzymes make it a
promising Met-rich feedstuffs to replace synthetic Met. Furthermore, the market
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availability as well as the nutrient consistency of this organic ingredient may offset some
of the economic issues.
Triticale, hybrids of wheat and rye, have decreased in protein content from 17.5 to
11.6% on average DM basis form the 1960s to the 1980s, respectively (NRC, 1989). The
early triticale was characterized by high levels of protein; however, modern varieties are
close to the normal range of protein in cereal grains. Accompanying genetic
improvements in the ratio of endosperm to bran have reduced CP levels and reduced AA
concentrations including Met. One exception was lysine levels were maintained among
the new triticale varieties. In correspondence, CP and Met levels of triticale determined
herein were 10.7 and 0.22%, on a DM basis, respectively. Unfortunately, the market
availability of the heritage (early) triticale is very limited.

PLANT PROTEIN INGREDIENTS
For the plant protein ingredients, seven lentil varieties were evaluated with CP
ranging from 30.0% for Merrest to 25.6% for Crimson, respectively. Methionine content
of the seven lentils ranged from 0.27% for Merrest to 0.24% for Viceroy and 1734 L,
respectively. Therefore, the modern lentils herein demonstrated that they were not Metrich. Compared to the expeller pressed soybean meal (SBM) with 0.67% Met, and dehulled, screw pressed SSM contained 1.04% Met, on an “as is” basis (Burley, 2012). In
the preliminary digestibility trial with 35-d-old broilers, Burley (2012) reported that the
AID and TID of Met in de-hulled, screw pressed SSM were 68.3 and 73.5%,
respectively. In the current study, the 48% CP de-hulled, screw pressed SSM contained
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1.15% Met, on a DM basis. The 34% CP de-hulled, screw pressed SSM was reported to
contain 0.79% Met, on a DM basis. It has been proven to be an excellent ingredient to
partially replace expeller SBM in organic poultry diets without increasing the CP in the
diets to meet the bird Met requirement (Pesti, 2009). However, the relative lower Lysine
(Lys) concentration in the de-hulled screw pressed SSM should be considered when
feeding broiler chickens and one might look to combine it with other Lys-rich feedstuffs
in the diet, e.g. expeller SBM. The de-hulled screw-pressed SSM can meet the NOP
regulations; however, it is not currently commercially available on the market.
Considering the desired CP, Met and digestibility of the de-hulled, screw pressed SSM, it
is recommended for laying hens diets, however, for broilers further investigation as a
supplement to synthetic Met with the combination of Lys-rich feedstuffs is needed.

UNCONVENTIONAL PROTEIN INGREDIENTS
In terms of protein yield, nutritional value, nutrient digestibility and
environmental sustainability, Black Soldier Fly (Hermetia illucens) is of special interest
as a suitable alternative ingredient for poultry (van der Poel et al., 2013). In the current
study, the initial nutrient media for BSF larvae was 80% hen manure and 20% kitchen
waste. The Black Soldier Fly prepupae were then washed, dried and ground to obtain the
homogenous BSF meal. The nutrient composition of the BSF meal was analyzed and
found to be comparable to meat and bone meal with 44.0% CP, 27.7% EE, 0.90 % Met,
2.80% Lys, 0.60 % phosphorus and 6.30 % calcium, on a DM basis. Results from the
feeding trial in the 21-d-old broilers demonstrated that BSF was a suitable nutrient
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supplement due to its high protein, high energy contents, and favorable AA profile for
broilers at an inclusion rate of BSF (4 to 6%) with respect to optimal growth and
performance with the latter being most economically efficient. Black Soldier Fly
prepupae meal might be a feasible dietary ingredient for organic poultry production,
however, for broiler chickens, its high ash and calcium content limit the level of inclusion
herein. Black Soldier Fly larvae or prepupae, qualify as an organic feedstuffs for chicken
and fish production and are environmentally friendly by recycling N and phosphorus (P)
from the manure or the other organic waste as a nutrient media (Sheppard et al., 1994;
Newton et al., 2005). Feeding BSF to chickens appears to be an economically viable
option especially taking into account their nutritional value and acceptance by poultry,
since insects are a natural part of their diet in the wild. However, the digestibility of BSF
prepupae meal and the effects of chitin on broiler chicks have not been adequately
investigated for commercial application in poultry production at his moment. In order to
introduce BSF larvae as feedstuffs for commercial organic poultry production, mass
production and productive procedures including feeding, drying, extracting the protein/oil
fractions must be optimized. Furthermore, pathogen management and heavy metal
analysis, safety, regulations as well as increasing public acceptance of this feedstuff will
require further studies (Newton et al., 2007).
Post-extracted algae residue, the by-product of the commercial production of
biofuels using the green, Chlorella algae, has been considered as a feedstuff for livestock
(Bryant et al., 2012). The 1st generation PEAR developed by Price et al. (2013) was
reported to contain 20.2% CP, 1.56% fat, 6.18% calcium, and 6.61% sodium. Two
feeding trials demonstrated that 1st generation PEAR could be fed up to10% without
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negatively affecting the FI, BW or FCR in broilers from d 1 to d 21. It was also fed to
White Leghorn laying hens up to 20% without negatively affecting egg production or FI
from 31 to 35 weeks. In the current study, a 2nd generation PEAR containing higher
levels of CP (30.2%), EE (2.9%), and less sodium (3.34%) and calcium (0.09%), on an
“as is” basis (Price et al., 2013). Results from the current study indicated that
supplementing PEAR at higher levels (59.6%) might be detrimental to bird growth with
reduced BWG, increased jejunum digesta viscosity, low AID of crude fiber (18.65%),
and low AA digestibility with 27.81% average AID and 39.59% average TID. However,
the AID of PEAR CP (90.13%) and ash (30.15%) were favorable. It is likely that the
major growth limiting factor in PEAR is the relative high CF content (9.08% on an “as
is” basis) which might contain viscous NSP that can increase the viscosity of the
jejunum. In addition, the 2nd generation PEAR used herein is not commercially available
at this time; however, similar algae residues after oil extraction are available on the
market. To introduce PEAR as a dietary ingredient for organic poultry production,
organically approved algae supplies and processing plants must be established. Postextracted algae residue is rich in polyunsaturated fatty acids, pigments, and antioxidants,
and was demonstrated to be good source of CP (30.2%) and Met (0.48%). Further studies
to obtain the optimal feeding inclusion rate and evaluate the carcass quality and egg
quality of birds fed PEAR are suggested. Lastly, formulating poultry diets, the high ash,
CF and sodium contents of the algae should also be considered.
In conclusion, the exploration of alternatives to synthetic Met has been
extensively studied. The current study suggests that naked oats are a good-quality,
organically approved and available source for organic poultry production, however,
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future investigation is recommended to refine price. Future studies are needed on
developing yield-competitive, low moisture, Met-concentrated corn. The organic
approved de-hulled, screw-pressed SSM is not currently commercially available,
although processing procedures are viable with a commercial supply of de-hulled organic
seeds and commercial processing are needed to make this economically feasible. The
Black Soldier Fly larvae or prepupae meal looks very promising as a feedstuff rich in CP,
EE, Met, and PUFA, as well as a successful tool to manage approved organic waste by
reducing N and P in the waste. Future studies are recommended to establish the optimal
larvae production, processing methods, merits and costs of extracting the oil from the
larvae to develop the high protein larvae meal before the availability of this ingredient
can be considered. Post-extracted algae residue was shown to be a high CP ingredient
with favorable digestibility; however, the high CF, ash, sodium and other anti-nutrition
factors should be modified before including in the poultry diets. Organic approved
enzymes are recommended to be supplemented in the organic broiler diets to increase the
nutrient availability and digestibility, as well as reduce digesta viscosity of these
ingredients to obtain better growth performance and production of the birds.
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Table 6-1. Methionine levels of methionine-rich feedstuffs (“as is” basis).
%
%
%
%
%
Energy ingredient
Advantages
DM CP Met Cys Lys
1
Corn-F
83.1 7.3 0.18 0.18 0.22
Higher Met
compared to
1
Corn-V
85.2 7.4 0.15 0.15 0.22
convention corn
C-6141
88.1 9.1 0.13 0.15 0.24
C-63601
89.4 8.7 0.13 0.15 0.28
C-61501
88.6 8.9 0.14 0.16 0.30
Triticale2
88.2 9.4 0.19 0.21 0.36
High Met; high
3
Naked Oats (NO)
89.1 15.5 0.24 0.40 0.63
energy
Protein ingredient
Lentils Viceroy4
91.7 27.0 0.22 0.25 1.78
Lentils 1734L4
90.3 25.1 0.22 0.25 1.70
Lentils Crimson4
91.7 23.5 0.23 0.28 1.66
Lentils Avondale4
91.8 24.3 0.23 0.26 1.69
Lentils Eston4
91.3 26.3 0.24 0.28 1.73
Lentils Merrst4
91.4 27.4 0.25 0.30 1.85
Lentils Brewer4
90.9 25.8 0.24 0.31 1.80
Screw pressed dehulled sunflower
90.8 48.0 1.04 0.72 1.85
seeds meal (SSM),
48% CP5
High CP; high
Screw pressed deMet
hulled sunflower
93.7 34.2 0.74 0.56 1.18
seeds meal (SSM),
6
34% CP
Unconventional ingredients

Disadvantages
Limited availability; high
moisture; low crop yield; 1.2
X conventional corn price
Low Met/CP ratio
Low Met/CP ratio
𝛽-glucans

Low Met/CP ratio

De-hulled SSM not
commercially available; low
Lys

Limited organic availability;
nutrient variation ; high ash
95.9 42.2 0.85 0.26 2.68
contents; heavy metals;
biohazard
Limited availability; heavy
Post-extracted algal
High CP; high
89.8 30.2 0.48 --- 0.60
metals; high CF; high
residual (PEAR) 8
Met
sodium; cell wall
1
Corn-V, Corn-F, Corn-614, Corn-6160, and Corn-6350 were sourced from Masters Choice (Anna, IL);
nutrient values received from the University of Missouri Agricultural Experimental Station Chemical
Laboratories (ESCL) (Columbia, MO).
2
Triticale received from Syngenta Crop Protection, LLC (Greensboro, NC); analyses were conducted by
ESCL.
3
Naked oats were purchased from Semican Inc. (Plessisville, QC, Canada); nutrient analysis conducted by
ESCL.
4
Lentils varieties (Viceroy, 1734L, Crimson, Avondale, Eston, Merrst, and Brewer) were received from
USDA-ARS; individual analyses were conducted by ESCL.
5
Screw pressed de-hulled sunflower seeds meal (48% CP) was purchased from Specialty Commodities,
Inc. (Fargo, ND); nutrient analyses were conducted by ESCL.
6
Screw pressed de-hulled sunflower seeds meal (34% CP) was purchased form Specialty Commodities;
nutrient analyses were reported by Barrow-Agee Inc.;
7
Black Solider Fly (BSF) were raised at the Pennsylvania State University and the meal was produced by
washing, drying at 60 ℃ for approximately 3 days and analyzed by ESCL.
8
Post-extracted algae residue (PEAR) (2nd generation) was acquired from the Department of Poultry
Science, Texas A&M University (College Station, TX) and the nutrient values were received from NP
analytical laboratories (St. Louis, MO).
Black Soldier Fly
(BSF) prepupae
meal7

High CP; high
EE; high
calcium

