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THEOREMS

I
Processing can have beneficial effects on some characteristics of feather meal
protein and deleterious effects on others., Consequently, the processing condi-
tions can only be optimized after defining the criteria by which the product
will be judged.

This thesis.

Il
The losses of certain amino acids in processed feather meal may not be of much
nutritional significance unless other structural modifications to the protein
affect in vivo digestibility/availability of the amino acids.

This thesis.

I11
In the formulation of balanced poultry diets, it is essential that the dietary
feather meal protein has to be evaluated on the basis of digested amino acids,
because the variations between the individual amino acids in their digestibility
are sufficiently extensive to justify this.

This thesis.

Iy
Because the lanthionine content of differently processed feather meals is inver-
sely proportional to their amino acid digestibility, it is a reasonable indicator
of the effect of processing on the test feather meals.

This thesis.

v
From the practical point of view fecal ampalysis is not only simpler but also as
reliable as ileal analysis for routine determination of amino acid digestibility
in poultry.
Achinewhu, 8.C. and D. Hewitt, 1979. Br. J. Nutr., &41: 559.
Picard, M., S. Bertrand, M. Duron and R. Maillard, 1983. Proc. 4th

Eur. Symp. on Poultry Nutrition, Tours, France.
This thesis.



VI
The value of feathermeal in ruminant nutritionis still underestimated in practice.

Church, D.C., D.A. Daugherty and W.H. Kennick, 1982. J. Anim. Sci., 54: 337.
Aderibigbe, A.0. and D.C. Church, 1983, J. Anim. Seci., 56: 1198,

VIl
Improved processing of by-products and waste materials should be given a high
priority within any poultry improvement program in developing countries.

. VIII
Important contributions to scienceare not based onlyon significant effects.

IX
Unfortunately, belief is still an important factor in animal nutrition.

X
Further development of Greek agriculture depends not only on studying the methods
developed by other advanced countries, but more importantly adjusting them to
focal conditions.

X1
The development of a culture is better off with appropriate elements of several
cultures than with the choice of one culture alone.

X1I
Eventually all things come together in a constantly progressing universe:
Tgq panta vhei (Everything flows).

Heracleitus.

Thesis; Manthos C. Papadopoulocs
Feather meal: evaluation of the effect of processing conditions by
chemical and chick assays.

Wageningen, 9th May, 1984.
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chapter 1

GENERAL INTRODUCTION

At present the principal sources of animal protein for livestock feeding are
fish and meat meals. These are expensive and it would be advantageous if other
cheaper animal by-products could find a use in animal feeds. Poultry industries
now exist in many countries and generate large amounts of residues that require
disposal. Of these, a considerable quantity consists of poultry feathers. Al-
though this keratinous material has a high protein content (85-100%) it is
virtually indigestible in its natural state. Consequently a great deal of in-
terest has been arcused over the possibility of processing it tc make it more
digestible. If this could be achieved economically it would provide an additi-
onal and cheap source of animal protein for Tlivestock feeding to help meet the
growing demand for animal products by an ever increasing world population.

Feather keratin is very rich in the sulfur-containing amino acid cystine
(Block and Bolling, 1951). Because the cystine disulfide bonds within the
keratin contribute to the insolubility of this protein, they must be destroyed
befare feather protein can be digested by chickens (Moran et al., 1966).

Feather meal is processed under different conditions to increase its digest-
ibility. Whereas some treatments might increase protein digestibility they could,
at the same time, reduce the nutritional value of the dietary proteins. This
reduction can be correlated with changes in the amino acid pattern. These
changes may not be of much nutritional significance unless other modifications
to the protein affect the availability of most of the amino acids. In treated
proteins part of the amino acids may become tinked to other substances or form
new cross-linkages within the protein molecule (Hurrell et al., 1976; Whitaker,
1980) by bonds resistant to hydrolysis by the digestive enzymes, though Tiberated
by acid hydrolysis such as applied in analytical procedures. This chemica)l
analysis gives only the total aminc acid content. The information required, to
assess nutritive value is the amount of each amino acid that is biologically
available.

Hydrolvzed feather meal in chicken diets has been used for several years.
However, because it is deficient in several amino acids {methionine, lysine,
histidine and tryptophan) and also varies in quality, discrepancies have been




found in the amount of meal which can be effectively used under practical con-
ditions. Our knowledge up to now of the evaluation of the protein quality of
hydrolyzed feather meal is limited. Only differences between the cystine con-
tents of raw and commercially prepared products are known while changes in the
other amino acids are not fully understood. Furthermore, precise information
on the influence of treatment upon the digestibility of the amino acids, par-
ticularly the 1imiting ones, is lacking.

This study deals primarily with the guestions as to how various processing
corditions may affect amino acid contents and what is the relationship between
the method and degree of feather meal processing and amine acid digestibility.
In addition, the amino acid profile along the small intestine and in the blood
plasma of chicks was investigated, in order to obtain more information concer-
ning feather meal digestion and absorption.



chapter 2

THE EFFECT OF DIFFERENT PROCESSING CONDITIONS ON AMINO ACID
COMPOSITION AND PROTEIN SOLUBILITY OF FEATHER MEAL

2.1 Introduction

Feathers have been of interest in nutritional studies, since up to 97% of
their weight consists of protein, mainly as keratin. Harrap and Woods {3964)
reported that approximately 85 to 90% of the protein from feather keratin is
composed of uniform units of mol. wt. 10 400. Because of their resistance to
hydrolysis by proteolytic enzymes of the digestive system, keratin proteins
have generally been considered to be of 1ittle or no nutritive value in the
feeding of most animals.

Mangold and Dubiski (1930) failed to show any digestion of white goose
feathers by cats, owls, dogs and rats. Routh {1942} reported that powdered
chicken feathers as the sole source of protein for rats were capable of sup-
porting a moderate growth rate but only when supplemented by tryptophan, his-
tidine and lysine, while Moran et al. (1966) found that ground raw feathers
failed to support growth in chicks even after supplementation with amino acids,
Furthermore, McCasland and Richardson {1966} showed that rats fed on ground raw
feathers as the scle source of protein lost weight and had a mortality rate of
100%. This was reduced to 25% by amino acid supplementation.

Since feather protein in its natural state is very poorly digested various
methods have been developed for processing feathers to convert their keratinous
proteins to a more digestible form. The results of the various methods are
summarized in the following reperts from the literature.

2.2 Literature
2.2.1-Characteristics of feather meal protein

Feather keratin

The high content of keratinous sources such as feathers, hair, wocl, hoofs,



nails, scales and horns, has been recognized. The keratin is fibrous and differs
from other proteins in its greater resistance to denaturation or other chemical
and physical alterations, and the existence of a high concentration of cystine.
Analysis of feather protein showed that 8.8% of the protein is cystine (Block
and Bolling, 1951). Cystine forms cross-linkages between different peptide chains
or different parts of the same chain within a protein. It is believed that this
characteristic is responsible for the mechanical stability and chemical inert-
ness of keratin.

Treatments for rendering keratins more digestible include grinding to a fine
powder, reaction with chemical agents, use of enzymes and heat treatment. Routh
and Lewis {1938) found that wool after grinding was 'digested' by trypsin and
pepsin, while 0lcott (1943) reported that ground hoofs were attacked by pan-
creatin. Heating under steam and pressure (Draper, 1944; Binkley and Vasak, 1950),
chemicals such as sodium sulfide, thioglycolate {Draper, 1944; Moran et al.,
1966) and enzymes, such as bacterial keratinase (Noval and Nickerson, 1959;
Kuchaeva et al., 1963}, resulted in disulfide bond cleavage.

The major difference in amino acid composition between raw and processed
feather meal, is the drastic reduction in cystine concentration after treatment
{Block and Bolling, 1851; Gregory et al., 1956; Davis et al., 1961; McCasland
and Richardson, 1966; Moran et al., 1966). This is an indication that disulfide
Tinkages have heen broken, thus making the feather protein more soluble and
susceptible to proteolytic enzymes.

Block and Bolling (1951) analyzed the protein of raw feathers and reported
that it contained large amounts of glycine, cystine, arginine and phenylalanine.
The cystine content was as high as 8.8% of the protein.

As far as the amino acid pattern of processed feathers was concernad, Gregory
et al. (1956) reported that the amino acids in commercially hydrolyzed feathers
{determined by the method of Binkley and Vasak, 1950) were relatively stable
during processing with steam and pressure, with the exception of arginine,
phenylalanine, isoleucine and cystine. Of these the only considerable loss was
in cystine content.

Davis et al. (1961) studied the time-pressure combipations necessary for
hydrolyzing feathers and evaluated several methods to determine their effect
on amino acid composition of the processed feathers. The methods evaluated were
185 kilopascal pressure (kPa) for 16 hours, 310 kPa for 30 minutes to 4 hours



and 515 and 720 kPa for 20 and 6 minutes respectively. They reported that cystine
appeared to be lowered in extreme processing conditions. They also cbserved the
appearance of the unnatural amino acid lanthionine in feather meal, but not in
feathers. The fact that the amount found approximated to the loss of cystine
during processing, indicates that most of the cystine lost is converted to lan-
thianine [HOOC-CH(NHZ)-CHZ-S—CHZ-CH(NHZ)-COOH]. In their tests the other amino
acids did not appear to be affected substantially by the processing treatments
employed. Very little is known about the nutritional value of lanthionine
(Robbins et al., 1980; Baker et al., 1981).

Morris and Balloun (1973b) presented vesults indicating that the level of the
Timiting amino acids (lysine, methionine and histidine) in the processed feather
meal was correlated with the conditions of time, temperature and pressure in
which the treatment was carried out. The maximum level was attained by hydrolysis
for 1 hour at 445 kPa pressure and with intermittent stirring. Similar results
for the sulfur amine acids have been reported by Wheeler and Latshaw (1980).

It is generally conciuded that the cystine content in the feather meal de-
creases as processing time and pressure increase.

Amine acid composition of chemically treated feathers has been reported by
Eggum (1970). In his trials, the addition of 1% HC1-solution te hydrolyzed
feathers reduced the fall in cystine compared with feather meals processed un-
der the same conditions of heat and pressure without HC1. It was also shown that
the addition of HC1 reduced the contents of other aming acids and that the de-
creases were most pronounced in the case of lysine, tyrosine, argirine and tryp-
tophan when compared with feather meals treated witheut HCT.

Wolski et al. (1980} observed that in feathers treated with dimethylsulphoxide
{DMSO) the contents of all the amino acids increased in comparison with the non-
modified feathers, except for cystine, methionine, lysine and histidine. They
suggested that the lowering of the contents of these aminc acids might be caused
by the effect of DMSO.

Concerning the effect of microorganisms on the amino acid contents of feather
meal, Elmayergi and Smith (1971) published results showing that Tevels of methi-
onine, tyrosine, lysine and histidine, usually present in small quantities in
feather meal, were increased considerably during fermentation with Streptomyces
Fradiae. They concluded that cystine concentration decreased because it was used
for methionine synthesis.

It is ohvious from the available information that there are no conclusive
data on changes in the content of feather meal amino acids resulting from dif-
ferent treatments.



2.2.2 Methods of processing feather meals

The commercial use of feathers up to the present time has been confined main-
1y to hydrolyzed (autoclaved) feather meal and several reports concerning dif-
ferent methods of hydrolyzing feathers have been published.

In early studies, Draper (1944) observed that autoclaving the feathers for
various pericds from 2 to & hours, at different pressures between 200-240 kPa,
appeared to have Tittle positive effect on their nutritive value, measured by
chick growth assays.

A method developed by Sinkley and VYasak (1950) for processing feathers into
a friable, high density meal, stimulated new investigations into the nutritive
value of feather keratin., This method is essentially a wet cooking process in
which the feathers are treated with saturated steam at pressures of 275-415 kPa
for 30 to 60 minutes with constant agitation. The feathers were dried and ground
to produce a free flowing meal of relatively high density. They also noted that
with a steam pressure above 415 kPa and constant agitation the feathers tended
to ‘gum', leading to a non-free-flowing meal.

Sullivan and Stephenson (1957) found that variations in processing methods
- with 200 to 340 kPa for 20 to 60 miputes - influenced the nutritive value of
hydrolyzed feather meal as measured by chick growth. Moran et al. {1966) showed
that commercial feather meal, hydroiyzed at 142°C for 30 min, with appropriate
amino acid supplementation supported chick growth equivalent to that of soybean
protein. Raw feathers autoclaved at 121°C for 18 hours however did not show the
same ability to support growth. Morris and Balloun (1373a) demonstrated in chick
growth trials that feather meal cooked for 60 min at 445 kPa with intermittent
agitation contained more 'available' aminc acids, than 'standard' feather meal
processed at 340 kPa for 30 min with constant agitation.

Feathers treated with chemicals

Chemically treated feather meal has not been studied extensively. Few reports
have been published on the use of this product as a protein source for animal
and poultry feeding. Draper (1944) in hisstudies used sodium sulfide treated
feathers by adding 700 g feathers to 454 g Na,S and 16 g NaCH dissolved in 6 1
water. The mixture was allowed to stand for 24 hours, with occasional stirring.
The author reported that 50% supplementary protein from sodium sulfide treated
feathers added tc a basal cereal diet resulted in a significantly higher growth



rate than that produced by the basal diet alone when fed to chicks and rats.

Moran et al. (1968) treated feather meal samples with reducing agents such
as sodium thioglycolate and sodium sulfide. They concluded that the meal pre-
pared with the Towest concentrations of the sodium thicglycolate (% of the molar
quantity of cystine) when supplemented with methionine, histidine, tryptophan,
lysine and glycine and fed to chicks at a 15% level in a diet as the sole source
of protein, gave a similar growth response to that of commercia! feather meal
similarly supplemented. When higher levels of sodium thicglycolate and & single
level of sodium sulfide {1 mole/mole cystine} were used in the preparation of
the feather meal, the chick growth response was depressed suggesting that toxic
factors may have been present.

Treating feathers with sodium hydroxide during autoclaving has been reported
by Gruhn and Zander {1977). They used low pressures of 200 and 300 kPa for 2
hours with different concentrations of sodium hydroxide from 0.25 to 1.0%. Their
results from feeding trials with laying hens led them to suggest that treated
feather meals could be used more widely.

Tne 1iterature contains some reports on enzymes and microcrganisms with kera-
tinase activity, but the rate and extent of keratin hydrolysis by such enzymes
is quite limited. Noval and Nickerson (1953) reported that the enzyme from
Streptomyces fradiae, isolated from soil, seems to be an effective protease with
keratinolytic activity. They concluded that the unusual ability of the organism
to decompose keratin (wool and chicken feathers) rapidly and completely, may be
due to its ability to reduce disulfide bonds in keratin., Day et al. (19568) and
Yu et al. {1968) reported the isolation of an enzyme from Tnichophyton gramilosum,
a fungus of human and mammalian dermatophytes, with keratinase activity as well
as proteolytic activity. Hersiczky (1972) demonstrated a multistage degradation
process and obtained a concentrated hydrolysate from the feathers of low volume
as a result of enzymatic treatment with alkaline protease at pH 9 and 60°C.

While these reports indicated that some proteolytic enzymes hydrolyzed kera-
tins, reports on the nutritive value and utilization of these hydrolysates as a
protein source for poultry are quite limited. Elmayergi and Smith (1971) com-
pared commercial feather meal, fermented by Sireptomyces fradize with unfermented
meal, in feeding trials with chicks. They found that no significant difference
in nutritional value existed between the two products, although the fermented

meal was 90% digestible by pepsin-HC1 solution as compared with 65-70% for un-
fermented meal.



Apparently, the nutritional value of enzymatically-treated feather meal in
poultry nutrition is stil1l unknown.

2.2.3 Chemical evaluation of feather meal protein quality

Hydrolyzed feather meal is characterized by variable nutritive quality, de-
pendent upon processing methods. Consequently the animal feed industry, needs
a rapid qualtity-control method in order to produce meals of good quality. For
this purpose, crude protein analysis and digestibility determinations <ir vitro
are often used in practice. However, a crude praotein analysis does not distinguish
between raw and hydrolyzed feathers and gives relatively little or no informa-
tion about the quality of the product for animal feeding, which depends Targely
upen the efficiency of the hydrolytic process in the digestive tract.

Several attempts have been made to simulate <n vitro conditions of digestion
in vive so as to predict the relative digestibility of proteins, since digest-
ibility of protein is related to its usefulness as a source of individual amino
acids, Gehrt et al. (1955) developed a simple enzymatic method for measuring
refative digestibility of animal proteins, by the use of pepsin-HC1, originally
described by Almquist et al. (1935). This method, commonly known as the 'protein
digestibility' method, has been used by different investigators, usually in con-
junction with other biclogical or chemical tests for estimating relative digest-
ibility of feedstuffs, Standardization of the pepsin test proved to be difficult
due to the impurity and low activity of the commercial pepsin preparations, and
due to the use of varying levels of pepsin-HC1 solution for pepsin digestion.

Feather meal showed a wide range of digestibility values when the pepsin-HC1
test was applied {Naber et al., 1961; Morris and Balloun, 1973b; Johnston and
Coon, 1979b; Aderibigbe and Church, 1983). The data suggested that there was a
definite trend for feather meals to have higher pepsin digestibility values and
increased degradation of cystine, as processing time and pressure increased.
However, no standard definition of a desirable pevpsin digestibility of the feath-
er meal protein has been adopted.

Seope of the study

The published information suggests that: a) feather meal has to be treated
in order to increase its digestibility for use as a feedstuff in animal nutri-
tion and b) autoclaving hydrolysis seems to be the most used method.



Systematic studies on the influence of processing time/pressure on feather
meal protein-amino acid quality are lacking. Moreover, other process variables
have not been investigated. The moisture content of the raw feathers could be
related to the time needed for drying the final product and therefore it might
be of economic importance. Chemical and enzymatic modifications have been ap-
plied to food- and feedstuffs to give them the desired nutritional and func-
tional properties. However, in feather meal processing the use of chemicals has
been tested to only a very limited extent. Enzymes can be used as digestive aids
in the processing of various foods but their use in feather meal processing has
not been investigated. Therefare, the object of the research reported here was
to study in detail the effect of different processing factors, namely time,
moisture, sodium hydroxide (practically applicable}, and enzyme (a new attempt)
on the amino acid composition and protein solubility of feather meal.

2.3 Materials and methods
2.3.1 Preparation of the raw feathers

White feathers of broiler chicks of about 45 days old and weighing approxima-
tely 1400 g were obtained from a local poultry processing plant as soon as pos-
sible after plucking; they were then ¢leaned and freed of foreign matter. In
order to protect these samples from fungal growth and insect infestation, they
were dried directly after receiving in a circulating air oven at 60°C for 48
hours, to a final moisture content of about 5%, and stored in a deep-freezer at
-25°C until they were processed in an autoclave.

2.3.2 Experimental design

Four experiments were conducted to determine the effect of different proces-
sing conditions on feather meal protein quality. The raw feathers were treated
as follows:

Experiment 1: 9 combinations of processing time and moisture content.

Experiment 2: 15 combinations of processing time, moisture content and sodium
hydroxide concentrations and

Experiment 3: 15 combfnations of processing time, moisture content and enzyme
concentrations. The processing conditions are further described in detail.

The treatment combinations, tested in a two-dimensional (Experiment 1) and
three-dimensional (Experiments 2 and 3) central composite design (Box, 1954},



involved five lengths of processing times (30, 40, 50, 60 and 70 minj, five
moisture contents (50, 55, 60, 65 and 70%) and five levels of NaOH (0.2, 0.3,
0.4, 0.5 and 0.6%) and enzyme (0.2, 0.3, 0.4, 0.5 and 0.6%). Coded values run-
ning consecutively from -2 to 2 were assigned to each of the five levels of
each variable (Table 2.1). The treatment combinations and their coded values
{Tables 2.2 and 2.3) are alsc presented graphically {[Fig. 2.1)}.

Experiment 4: This experiment was conducted to evaluate processing effects
on lanthionine contents of feather meals, as well as to evaluate the extent of
digestion in vitro with different pepsin concentrations. Some chemical indices
were also calculated. The processing conditions were carefully selected to ob-
tain maximum information with a minimum number of variables in order to keep
the number of test samples for analyses within practical limits. The 9 selected
treatments were as follows:

Treatments nr 5, 6 and 7, from Experiment 1 (Table 2.2) coded as FM FM30

and FM-0> respectively >
Treatments nr 9, 10 and 1%, from Experiment 2 (Table 2.3) coded as FMSUCH’
FMSOCH and FM70CH, respectively
Treatments nr 9, 1Cand 11, from Experiment 3 {Table 2.3) coded as FMSUEN’
FMSUEN and FM-pEN, respectively.
Each of the prepared samples was replicated 4 times. Finally equal amounts of
sample, measured on a dry matter Dasis, were taken from each replicate and

mixed.

Table 2.1. Levels of varlables studied and coded values,

Coded value -2 -1 0 1 2
Processing time (X,) 302 40 50 60 70
Molsture content (XZ) 50 55 60 65 70
NaOH-added (X2) 0.2§ 0.3 0.4 0.5 0.6
Enzyme-added (X%) 0.2 0.3 0.4 0.5 0.6
dNumber of minutes CPercent added NaOH

Percent moisture content Percent added enzyme

2.3.3 Processing conditions

The stored dry feathers were taken out of the deep freezer and allowed to

10



Table 2,2, Treatment combinations with actual and coded values (Experiment 1).

Treatment Time (XI) Molsture (XZ) Number of

no. Min Code = Code Replications
1 40 -1 55 -1 3

2 40 =1 65 1 3

3 60 t 55 -1 3

4 60 1 65 1 3

5 50 0 60 0 4

6 30 -2 60 0 2

7 70 2 60 0 2

8 50 0 50 =2 2

9 50 0 70 2 2

Table 2.3. Treatment combinations with actual and ceded values (Experiment 2}.

&

Treatment Time (X1) Moisture (Xz) NaOH (X3) Number of
no. Mia Code b Code Z Code Replications
1 40 -1 55 -1 0.3 -1 3
2 40 -1 55 -1 0.5 1 3
3 40 -1 65 1 0.3 -1 3
4 40 -1 65 1 0.5 1 3
5 80 1 55 -1 0.3 -1 3
5 60 1 55 -1 0.5 1 3
7 60 1 65 1 0.1 -1 3
8 60 1 65 1 0.5 1 3
9 50 0 60 0 0.4 0 4
10 30 -2 60 0 0.4 0 2
11 70 2 60 0 0.4 0 2
12 50 0 50 -2 0.4 0 2
13 50 0 70 2 0.4 0 2
14 50 0 60 0 0.2 -2 2
15 50 0 60 0 0.6 2 2

The actual and coded values are the same for Experiment 3, but with one single
treatment per combinationm.

equilibrate with the atmospheric moisture at room temperature. Two hundred grams
of dry raw feathers were moisterned with water just before processing in order
to adjust the moisture content according to the experimental design.

The feathers were processed in a laboratory rotary pressure cooker (autoclave)
consisting ¢f a pressure vessel with a double wall and a safety valve, a variable
speed shaft carrying the drum holder and the main stainless steel drum, readily
removable, with a horizontal section, 2?8 c¢cm indiameterand 12.5 c¢m deep. All the

1
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Fig. 2.1. A: Two-dimensional central composite design showing the coded values
in the order of processing time (min) and moisture content (%) for
each treatment combination (Experiment 1).
B: Three-dimensional central composite design showing the coded values
in the order of processing time (min), meoisture content (Z) and
NaOH (%) (Experiment 2) or enzyme (7} (Experiment 3}, for each
treatment combination,

processing conditions were governed by a control panel housing all the recording
instruments needed to give the complete processing data. Triple steam pressure
gauges gave accurate pressure readings within the inner and outer chambers and
the direct temperature reading of the test material was made by a thermocouple
and recorded by an electronic potentiometer.

Because no agitator was used during autoclaving hydrolysis, a modification
was made so that the steam could penetrate quickly and uniformly into the feath-
ers by using stainless steel balls {15 mm in diameter) and by adjusting a stain-
less steel wing on the inner wall to let the balls fall down and hit the mate-
rial during processing.

After the autoclave was closed, the air was vented and the temperature/pres-
sure raised as quickly as possible (in 2 to 3 minutes) to the required levels
{146°C/436 kPa absolute pressure) by steam injected directly into the chambers.
The process was timed from the time temperature/pressure was reached until the
pressure was released (Fig. 2.2). The steam was exhausted as rapidly as possible
{1ess than one min} to facilitate the removal of water when the batch was emp-
tied. The treated feathers were transferred to a circulating air oven at 60°C,
where they were dried to a moisture content of 3 to 5 percent, The dry material
was ground in a hammer mill, to pass a 1-mm mesh sieve, giving a powder suitable
for chemical analysis, This powder was then stored.

12




—
re
~
F -3
w
©

A P

==
S5} | o oy
: I‘ | o
=4 H E 2
Wiga L | ! i
s ; i £
BT ‘ )

1a1 E i 372
Ajf L NP -1 )
0 10 20 30 40 50 &0
TIME min

Fig. 2.2. Processing data, showing the variations in time required to reach
temperature/pressure and to reduce pressure, as well as the variations
during processing for 60 min autoclaving hydrolysis of feather meal.
A: Loading autoclave; B-C: 60 min; D: emptying autoclave.

Chemical treatment

Sodium hydroxide (10%) was dissolved in water, in the concentration described
in the experimental design (Table 2.3). It was sprayed as a mist on 200 g air-
dry raw feathers just before processing and the material was thoroughly mixed.
The autoclaving preocedures tock place as previously described.

The following parameters were used in the enzymatic hydralysis,

Substrate: A powdered feather meal substrate was prepared by heat and pres-
sure under different processing conditions of time and moisture content. The
procedures have already been described in detail (see: General autoclaving
procedur=).

1)

produced by a special strain of a spore-forming Bacillius free from pathogenic

Enzyme: Maxatase ', P 330 000, a commercial proteolytic enzyme preparation
microgrganisms and active at an alkaline range of pH, was obtained as a sample
from a manufacturing company.

Temperature and pH were adjusted to their optimum ranges, as listed by the
enzyme manufacturer.

Reaction %ime: Incubation time (2 hrs) was based on results obtained in a
preliminary trial designed to determine the optimum conditions. The trial is
described later,

1)Gist—Br'o::ades'. N.V., Delft, the Netherlands
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Enzymatic hydrolysis (procedurs): Two hundred grams of feather meal suspen-
ded in 100 w1 of hot water ca 58°C, was immersed in a waterbath. The pH was
maintained with concentrated ammonia (25%) at 8.5 and the required amount of
enzyme related to the original weight {section 2.3.2, Table 2.3) was added to
the aqueous suspension of the feather meal. The mixture was gently agitated at
52°C for 2 hours, then heated at 87°C for 5 minutes to inactivate the enzyme
and cocled rapidly. During incubaticn, care was taken to minimize evaporative
loss of water, by covering the beaker. One half of the suspension was then
freeze-dried. The other half was centrifuged at 18 000 x g for 60 minutes. The
s0lids were washed once with distilled water and centrifuged again, under the
same conditions. The total supernatant liquid was freeze-dried, as shown in

Figure 2.3,

Determination of reaction time (preliminary trial): This experiment was design-
ed to determine the optimum duration of enzymatic hydrolysis of the autoclaved
feather meal under the recommended conditions of pH and temperature. The reaction
was allowed to proceed for 5 hours and samples were withdrawn periodically. A con-
trol series without added enzyme was run concurrently with the test series. The
criterion for assessing the effectiveness of the enzyme's action was the ability
to increase the solubility of the feather meal protein. This is defined as:

wt of the supernatant (freeze-dried)
wt of the sTudge + supernatant {freeze-dried)

percent enzymatic conversion =

The extent of that conversion increases with time (Fig. 2.4}, The increase is
rapid in the first half-hour, followed by a gradual increase up to 2 hours.
When time is longer, up to 5 hours, there is only a slight increase in solubil-
ity of the feather meal.. Therefore, 2 hours of enzymatic hydrolysis was chosen
as the optimum reaction time for the enzymatic treatment of feather meals.

2.3.4 Analytical methods

Amino acids were determined by ion-exchange chromatography procedure as des-
cribed by Spackman et al. (1958). The test sample was hydrolyzed with 6 N HCI
at 110°C for 22 hours. A Biotronic, model LC-6000, automatic amino acid analyzer
was used for the analysis. The sulphur-containing amino acids, methionine and
cystine, were determined as wethionine sulfone and cysteic acid, respectively,
after performic acid oxidation (Moore, 1963) followed by acid hydrolysis. Du-
plicate determinations were made for each sample. Calculations were based on the

14
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Fig. 2.3. Diagrammatic representation of the preparation of enzymatic hydrolysis.
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2.4, The percentage of enzymatic conversion in relation to time, when
enzyme (0.47) was incubated with feather meal at 52°C with pH 8,5
= and pH 6.
4 and ® : Control samples without enzyme at pH 8.5 and pH 6, respec-—
tively.
Each point represents an average of two determinations.
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comparison with a standard mixture containing all the amino acids in the con-
centration of 0.150 umeles/ml, except for cystine (0.075 umoles/ml), as specified
in the instruction manual supplied with the instrument. Nor-Teucine was used as
an internal standard.

For correction of the destruction of threonine and serine and of the incom-
plete hydrolysis of isoleucine and valine, factors were used as given by Slump
et al. (1977). Lanthionine was measured as described by Friedman et al. {1977)
by using special chrematographic conditions to separate the two lanthionine
peaks ({R)-L-lanthionine and meso lanthicnine) from glutamic acid/proline. The
virtually complete stability of Tanthionine during acid hydrolysis of feather
meal was proved by adding a measured amount of crystalline L-DL-Tanthionine to
the test feather meal sample and hydrolyzing the mixture. Blank hydrolyzates
(with lanthionine only) were also prepared. Duplicate quantitative recoveries
of lanthionine are shown below.

No Sample/Hydrolyzate Lanthionine recovery (%)
1 feather meal A + Lanthionine 98.41 and 100.30
2 feather meal B + Lanthionine 98.90 and 97.60
3 Lanthienine {Blank) 99,70 and 98.90

The raw and processed feather meals were also analysed for crude protein,
ash and moisture by procedures described in the AQAC (1975).

Protein digestibility of the processed feather meals in viiro was determined
by pepsin-hydrochloric acid treatment.

Samples of 1 g feather meal in 390 ml of distilled water were incubated with
9ml 4 N HCl and 50 m) of a freshly prepared solution of 0.2% pepsin (activity
1 : 10 000) at 40°C, After 48 hours, 15 ml 25% HC1 were added and the digest
was cooled, brought to 500 ml with distilled water, and filtered. Duplicate
aliguots of 50 ml of the filtrate were analyzed for nitrogen by the Kjeldaht
method. Additionally, 'pepsin blank values' were determined. The corrected pep-
sin digestibility of the feather meal protein (PDP} was calculated as the ratio
of the weight of protein {N x 6.25) recovered fram the filtrate to the weight
of the protein in the test meal, multiplied by 100.

In addition, a higher {2}% and a lower [0,02%) pepsin concentration were
used in Experiment 4.

16



Soiubility in alkali: The nitrogen solubility in 0.02 N NaOH {NSS) was deter-
mined by the method outlined by Lyman et al, (1953} with siight modifications.
Samples of aporoximately 1 g (weighed to the nearest mg) ground to pass a 1-mm
mesh sieve were shaken for 1 hour at 160 strokes/min with the solvent in a
water-bath maintained at 37°C. The suspension was centrifuged for 15 min, at
3000 r.p.m. and the soluble nitrogen determined by Kjeldahl estimations on 25-ml
portions of the supernatant liquid. The nitrogen solubility was expressed as the
percentage of total nitrogen.

Sotubility in acid: The nitrogen solubility in 6 N HC1 (NSH) was determined
by the same procedure as with sodium hydroxide.

Chemical indices (CI) were calculated taking into consideration the nitrogen
solubility in alkali and acid respectively, in relation to cystine destruction
of the test materials: CI = [NSS or NSH3 = [cystine (%#)1 x 100.

The chemical score {CS) of each meal (Experiment 4} was also calculated. The
amino acid (AA) with the highest percentage deficit from the corresponding one
in a reference protein was the first Timiting amino acid and was used to deter-
mine the chemical score: €S = (AA test protein) = (AA reference protein) x 100.
The amino acid requirements of 3-week old broilers (NRC, 1977) were those
taken for reference.

2.3.5 Statistical methods

In this study a multiple regression model was constructed, using the coded
values (Tables 2.2 and 2.3), to estimate linear, guadratic and interaction ef-
fects, as follows. The models were:

- 2 2
¥=by + byXy + byXy + by Xy 4 byoXy" 4 byoX Xy,

for Experiment 1

- 2 2 2
Y=by + DXy + boXy + baXy + byyXy™ + DooXo™ + baaXy™ + byoKyXy + bygXXs +

by3XpXq

for Experiments 2 and 3, and
Y= b # Cy # Co + buXe + boe + BeaXo2 + booXol + by XoXo +
0 1 2 1™ 272 111 2272 127172
. . . 2 2
(a1l interactions of C1 and C, with X1, XZ’ X1 R X2 and X1X2)
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for the combination of the three Experiments,
where ; is the measured response, the b's are the partial regression coefficients,
Xy» X5 and X5 are the actual values for the independent variables, and Cy and C,
are the contrasts between treatments without additions (Experiment 1) with the
chemicat treatment (Experiment 2) and enzymatic treatment (Experiment 3), res-

pectively.
The higher degree effects of the variables have been omitted because their

analysis provided very weak information.

Regression coefficients were tested for significance by the F-test. The res-
pective response surfaces were calculated and generated by computer, using the
significant partial coefficients of the prediction equation, where independent
variables varied over the entire experimental range.

2.4 Results

The amino acid analysis of the basic material (raw feathers) is given in
Table 2.4. Observed values for individual amino acids and other response crite-
ria of the processed feather meals are in Appendices 1-3. The statistical evalu-
ation of the data is presented in detail in Tables 2.5, 2.6 and 2.7.

1)

Table 2.4. Amino acid composition (Z) of raw feathers

Essential amino acids Non—-essential aminec acids
Threonine 4.66 £ 0.082) Aspartic acid 6.21 £ 0.13
Cystine 6.87 £ 0,29 Serine 11.13 = 0.25
Valine 7.38 £ 0.10 Glutamic acid 9.32 + 0.19
Methionine 0.57 = 0.04 Proline 8.81 = 0.19
Isoleucine 4.90 + 0.09 Glycine 6.25 + 0,12
Leucine 7.4t £ 0.08 Alanine 4,27 = 0.04
TyrosineB) 2.79 £ 0.06

Phenylalanine 4.35 % 0,25

Lysine 1.97 £ 0.08 NE; 1.30 £ 0.03
Histidine 0.60 + 0.03 Nitrogen 15.50 + 0,03
Arginine 6.45  0.13

1

)All values are on dry matter basis.

)Mean + standard error with five observations per mean.

Semi-essential amine acid {(Scott et al,, 1983), for this and all subsequent
tables and figures.
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2.4.1 Effect of time and moisture (Experiment 1)

Amino acids

Processing time (T) and moisture content (M) showed varied positive and nega-
tive effects on the different response criteria (see partial regression coef-
ficients 1in Table 2.5).

According to the significance of the estimates, the most pronounced effect
of processing time was on the contents of cystine and the three limiting amino
acids: wethionine, lysine and histidine. However, their responses to T were not
the same. Cystine was severely depressed by increasing T and the coefficients
of determination (Rz) indicate that the linear component accourted for 83.3% of
the variation observed. Methionine and lysine were curvilinearly influenced by
T in a positive and negative coefficient, respectively, while histidine had a
positive tinear coefficient.Figure 2.5 clearly illustrates the variations of the
significant components on the concentrations of the limiting amino acids.

Moisture content had a positive Tinear effect on methionine and lysine, and
a negative quadratic effect on histidine. Moreover, the moisture content seems
to be the major factor influencing the non-essential aminc acids in a negative
way.

Cystine and histidine were the only amino acids which were significantly af-
fected by T x M interaction. Variation of those amino acids was explained toonly a
small extent by the regression eguaticon used, as may be seen from their r? val-
ues (Table 2.5).

Processing time was the main factor influencing nitrogen solubilities in
alkali {NSS) and acid {NSH) environments. A large part of the variation was ex-
plained by the positive linear components {Table 2.5).

Moisture content showed a negative linear effect on crude protein (CP) and a
positive curvilinear effect on pepsin digestible protein (PDP) {Fig. 2.5).

2.4.2 Effect of time, moisture and chemical (Experiment 2)

Amino acids

It is obvious from Table 2.6 that the amino acids showed considerable varia-
tion in their response te¢ different processing variables, T, M and sodium
hydroxide.
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Fig. 2.5. Three dimensional response surfaces of methionine (A), Lysine (B),
Histidine (C) and Pepsin digestibility protein (D) for feather meals
treated under varying processing time and moisture content.

Significant effects of T were those on threonine, cystine and non-essential
amino acids which had negative linear coefficients. A positive effect of time
was shown on histidine and lysine, expressed in a linear and curvilinear way,
respectively,

The effect of M was most proncunced on methicnine and histidine, Both amino
acids were significantly affected by negative gquadratic coefficients.

Sodium hydroxide {C) had a highly significant effect on threonine, cystine
and lysine which had negative linear coefficients. Isoleucine, leucine, tyrosine,
phenylalanine and lysine behaved in a similar curvilinear way from the C effect,
and had negative coefficients,

The most significant interactions were the T x M for methionine and the
M x C for arginine.
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Table 2.6. Multiple regression and correlation coefficients for amino acids
and nitrogen characteristics, for the linear, quadratic and linear

x linear effects (Experiment 2).

Regression equation]):
Predicted
respanses Linear
2 2
bO b1 R b2 R b3 R 1 R
Essenstial ke % .
Thr 4.492 -0.076, . 24.1 -0.029,,, 3.6 ~0.060,,, 15.0 -0.004 0.1
Cys 2.876 -0.167,  32.5 -0.080, 7.5 -0.193 43.6 0.034 1.8
Val 7.623 -0.035 5.1 0.040, 6.4 0,013, 0.7 -0.005 0.4
Met 0.529 0.000 0.0 ~0.009 10.5 -G.007 7.1 0.003 0.1
Ile 5.124 0,025, 3.1 0.0C6 0.2 -0.022 2.4 -0.020 0.7
Leu 7.796 0.035,,, 5.C 0.012 0.6 -0.007 0.2 -0.028 3.0
Tyr 2.767 0.056 4.0 -0.006 0.2 -0.024 2.6 -0.003 6.4
Phe 4,797 0.024 1.3 -0.016 0.6 -0,023,, . 1.2 0.028, 14.0
Lys 1.947 -0.003,,, 0.2 -0.003,, . 0.2 -0.029 18.9 0.014 9.7
His 0.604 0.011 12.6 -0.015 23.5 -0.002 0.2 -0.004 4.6
Arg 6.322 0.005 0.1 -0.001 0.0 -0.017 1.4 0.021 0.3
Non-Essential o
Asp 6.067 -0.122 40.2 -0.023 1.5 0.012 0.4 0.019 0.4
Ser 10,927 -0.154 15.5 -0.018 0.2 -0.060 2.3 0.023 1.5
Glu 11.128 -0.026 1 0.047 5.0 0.028,, 1.8 -0.006 1.4
Pre 9.057 -0.003, 0.0 -0.141 12,1 0.117,, 8.4 0.090 6.6
Gly 6.898 -0.053,,, 8.7 0.014 0.6 0.058  10.6 0.009 3.1
Ala 4,153 -0.044 13.4 -0.022 3.3 0.001 0.0 0.0M 1.2
2) * AR
cr 95.673 -0.187 5.4 0.134, . 2.8 -0.478,, . 35.3 -0.019 1.4
Ash3) 2,450 -0.025, 0.6 0.099 8.7 0.304 82.7 -0.010 G.o
PDPA) 94.579 -0.383,,, 6.8 0‘360*** 6.0 0.174, 1.4 0.033,,.. 1.6
NSSs) 73.905 9.0, 81.2-2.310,.. 5.3 0.669,,, 0.5 -1.777, . 6.5
NSH 57.290 9.0C09 60.2 2.859 6.0 6.433 30.7 0.361 0.0
1)111 the equation Yis the predicted response, b's are the partial regression

coefficients and T, M and C are the coded time, moisture and chemical,

respectively.
2y, %), 4,

*
P < 0.05,

5)
e O€E

Table 2.5,

P < 0.01, ¥¥*p < 0.001.

footnotes 2), 3), 4) and 5), respectively.



Y = b0 + b1T + bZM + b3C + b11T2 + b22M2 + b33C2 + b12TM + b13TC 4+ b23MC
Multiple regression coefficients
Quadratic Interaction
2 2 2 2
b22 R b33 R b12 R b13 R b23 R
=0.021 1.5 ~0.005 0.1 -0.011, 0.3 -0.028 2.0 =0.004 0.0
0.001 0.1 -0.009 0.1 0.046 1.5 -0.001,, 0.0 -0.020 0.3
~-0.091 0.1 -0.031 3.1 -0.025,,. 1.5 -0.075 13.6 -0.010, 0.3
0.003 0.2 0.004,, 1.6 0.016 21.8 0.006 3.0 -0.008 6.1
-0.032, ., 0.0 -0.061,,, 15.0 -0.053 8.2 -0.010 0.3 -0.013 0.5
~0.072, 3.8 -0.085,,, 23.7 -0.037 3.4 -0.040 3.9 -0.005 0.1
-0.033 0.2 -0.079,,, 22.3 -0.007 0.1 0.002 0.0 0.040 4.2
-0.013 5.4 -0.119,,., 25.9 0.016 0.4 0.013 0.2 0.020 0.6
0.010 11.4 -0.023 9.8 0.004 0.3 0.005 0.4 -0.005 0.4
0.001 0.3 0.004 1.6 -0.007_ .. 2.8 -0.006 2.1 0.004, 1.1
0.018 0.2 0,024 2.2 -0.084 21.1 -0.033 3.1 0,063 11.9
0.003 0.2 0.023 1.2 -0.035 2.0 =0.050° 4.0 -0.004 0.0
-0.053, 1.6 =0.010 0.1 -0.055 1.2 =0.042 0.7 -0.062 1.5
-0.071 10.2 -0.014 0.4 -0.013 0.3 -0.061 5.1 0.014 0.3
0.043 3.3 -0.058 1.6 0.077 2,2 0.093,, 3.1 0.078 2,2
-0.029 0.7 -0.029 2.1 =0.048 4.3 -0.069,, 9.0 0.014 0.4
-0.003 0.1 0.001 0.0 -0.028 3.4 -0.049 10.3 -0.012 0.6
¢.116 0.9 0.083 0.9 0.290* 7.8 -0.178 2.9 -0.039 0
0.022 0.1 0.019 0.3 -0.018 0.2 -0.013, c.1 0.029 o
~0.291 2.7 -0.116,,. 0.5 0.366,,. 3.8 0.529 8.1 0.157,,. O
0,395 0.1 1.281,,, 1.3 1.428 1.2 -0.348, . 0.1 1.421 1
0.153 0.t 0.863 0.4 -0.240 0.0 1.580 1.1 0.355 0




Response surfaces for the dependent variable were also drawn, but Figure 2.6
illustrates only the most representative ones.

Nitrogen characteristics

The increase of T and C caused a significant decrease in CP, which was do-
minated by the C-linear component (R2 = 35.3%).

POP was significantly influenced by a negative linear effect for T and had
a positive interaction coefficient for T x C (Fig. 2.6).

For NSS and NSH, processing time was the main influencing factor.

LEUCINE LYSINE

T TR
oy, o,‘l";"-,' o,
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R
R
Gy

L

G s

i
Z
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GLYCINE D DIGESTIBILITY PROTEIN
[ %) (%)

7.50 98.00
7.00 e 7/ 4. 50
). 6,50 91.00

TIME( min) ' NaOH{%)

Fig. 2.6, Three dimensional response surfaces of leucine (A), lysine (B),
glycine {C) and pepsin digestibiliy protein (D) for feather meals
treated under varying processing time and NaOH content.

The graphical description of the two independent variables (time,
NaOH) has been made by holding the third variable (moisture at a
constant intermediate value.
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2.4.3 Effect of time, moisture and enzyme (Experiment 3)

Amino acids

Table 2.7 shows the statistical evaluation of the data of the enzymatically
treated feather meals. From these results it is obvious that enzymatic hydrolysis
(E) provides very little information about its significance in the regression
model used, However, there were some exceptions. The positive gquadratic coef-
ficient of E was significant for threonine. From the interactions, cnly M x E
was significant and had a negative effect, mainly on threonine, isoleucine,

aspartic and glutamic acids.

The most pronounced effect of E was on the enzymatic protein conversion (EPC},
which increased with increasing enzyme levels (Table 2.7).

2.4.4 Differences between treatments with and without additions

The statistical analyses of the three experiments did not distinguish the
differences between feather meals treated without additions and samples treated
with NaDR or enzyme. Therefore a statistical analysis of the three experiments
combined was made in order to test these differences., The results are demon-
strated in Table 2.8. The analysis of variance shows that there are significant
differences between the experiments (no additions vs chemical or enzyme). Thase
differences are more pronounced than those of the time and moisture effects
within experiments. Moreover, the effect of chemical is more pronounced than
that of enzyme. Most of the amino acid contents, with the exceptions of Teucine,
tyrosine, phenylalanine and proline, were significantly lower and the protein
(N x 6.25) solubilities higher in the chemically or enzymatically treated feath-
er meals by comparison with the samples with no additions.

2.4.5 Lanthionine cantent and other tests (Experiment 4)

The results of the lanthionine contents and the other Taboratory tests in
Experiment 4, are given in Table 2.9.

Lanthionine: 1t is obvious from these data that the lanthionine content in-
creased with increasing processing time of feather meals and is inversely propor-
tional to the cystine content. The highest values of lanthionine content were
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Table 2.7. Multiple regression and correlation coefficients for amino acids
and nitrogen characteristics, for the linear, quadratic and linear
x linear effects {Experiment 3).

Regression equation1):
Predicted
respgnses Lincar
2 2 2 2
b0 b1 R b2 R b3 R b11 R
Essential
Thr 4,451 -0.022*** 4.2 0,028 6.9 -0.027 6.3 -0.026 10,6
Cys 3.844 -0.279 71.5 -0.031 0.9 -0.016 0.2 -0.001 2.0
Val 7.172 =0.028 13.1 0.001 0.0 0.012 2.3 -0.029 39.2
Met ¢.557 0.006 6.9 -0.009 19.1 0.003 2.1 -0.008 3.2
Ile 4.866 -0.023 6.2 0.038* 17.1 0.006 0.5 -0.039 15.7
Leu 7.638 -0.025 0.1 0.34 26.8 -0.009 0.0 -0,066 2.9
Tyr 2,453 -0.026 9.8 ~0.005 0.4 0.000 0.0 0.3G38 1.2
Phe 4.381 -0.004 0.2 0.020 4.9 -0.028 9.3 0.019 9.1
Lys 1.823 —0.007*** 2.7 =-0.002 0.2 -0.006 1.8 0.003 20.2
His 0.629 0.011 48.2 0.005 9.5 0.000 0.0 -0.006 15.0
Arg 6.261 0.004 0.2 0.019 3.8 -0.028 8.1 0.035 5.4
Non-Essential
Asp 5.886 -0.006 0.7 -0.005 0.5 0.018 5.8 —0.014*** 16.6
Ser 10.497 0.066 3.6 0.069 3.9 -0.,006 0.0 -0.227 75.0
Glu 10.240 0.101 14,3 0.012* 0.2 -0.089 11.3 -0.043 18.4
Pro 8.800 —0.045** 7.6 0.089 20.6 -0.016 1.0 0.023 4.4
Gly 6.25%9 0.061 34.4 -0.039 13.8 0.014 1.7 -0,012 14.9
Ala 4,072 0.066 14.3 0.079 20.9 0.006 0.1 -0.038 0.0
cr? 97.557 -0.027 0.4 -0.099 5.6 -0.028 0.5 -0.290" "  48.8
AshB) t.393 -0.010 3.9 0.0600 0.0 0.013 6.0 -0.022 0.3
PDP,) 95.377 0.311,,, 16.2 0.214,, 7.7 =0.116, 2.2 0.085, 13.1
NSS.) 88.443 3,225, 77.4 -0.933 6.5 0.831 5.1 =0.579 1.1
NSHG) 80.382 6.964** 70.5 -0.564 0.5 1.975* 5.7 —-2.543 1.2
PEC 85.286 8.268 79.2 -0.688 0.0 3.068 10.9 -1.027 4.1

1)

In the equation Y is the predicted response, b's are the partial regression
coefficients and T, M and E are the coded time, moisture and enzyme,
repsectively,

g;’ B, 4, S)See Table 2.5, footnotes 2}, 3), 4) and 5), respectively.

Percent enzymatic comnversion,

* #& KA
P < 0,05 P<0.01, P <O0.001.
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2 2

2

Y = bO + blT + sz + b3E + b11T + bZZM + b33E + b12TM + b13TE + bZBME
Multiple regression coefficients
Quadratic Interaction
2 2 Z 2
byy R 33 R by R By, RT by, R
0.010 5.1 0.049 14.2 -0.009 0.3 -0.001 0.0 *0.064* 17.7
-0.038 0.0 -0.062 2.4 0.069 2.2 -0.059 1.6 0.004 G.0
0.011 0.0 0.019 3.9 0.011,,, 1.1 -0.006 .3 -0.029 6.8
-0.006 0.4 -0.007 7.6 0.019 38.2 -0.009 8.3 0.001, 0.2
-0.023 7.6 =0.007 0.0 -0.028 4.6 -0.020 2.4 -0.063 23.8
-0.396 42.8 -0.006 0.0 -0.015 ¢.0 -0.005 0.0 -0.063 0.5
0.055 3.4 0.062 37.8 0.015 1.6 0.020 2.8 -0.015 1.6
0.042 0.0 0.062 33.1 -0.015 1.4 0.000 0.0 -0.010 0.6
0.023 3.7 0.025 24.2 -0.004 0.4 0.022 13.1 -0.004 0.4
-0.002 2.8 0.000 0.0 0.000 0.0 0.000 0.0 -0.005 4.8
0.015 0.1 0.026 5.1 -0.048 12.1 -0.033 5.7 -0.038 7.5
0.018 3.7 0.008 0.9 -0.013 1.5 ~«0.023 4.8 —0.060: 34.0
D.027 0.0 0.035 0.7 0.023 0.2 0.000 0.0 -0.148 9.0
0.031 2.2 0.103 10.3  0.041 1.2 0.051 1.9 ~0,194 26.4
~0.049 22.8 0.034 3.0 0.028 1.4 -0.018 0.6 -0.013 0.3
0,025 0.4 0.029 5.3 0.000 0.0 -0.013 0.7 -0.033 4.8
~0.090 32.0 -0.002 0.0 -0.009 0.1 «0.014 0.3 ~0.041 2.8
-0.081, 2.5 =0.0%1 0.4 —0.269** 20.4 0.104 3.0 0.091 2.4
-0.040 34.3 -0.020 11.2 -0.015 4.4 0.010 1.9 0.013 3.0
-0.200, 1.5 =0.175 3.5 0.199,,. 3.3 -0.361, 10.9 -0.054 0.2
-0.508 1.6 -0.140 0.1 1.225 5.6 -0.613 1.4 0.020 0.0
-0.662 0.9 0.101 0.0 1.393 1.4 =0.950 0.7 -0.398 0.1
0.459 0.0 0.932 0.7 -0.520 0.2 -0.515 0.2 0.648 G.0
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Table 2.8. Multiple regression and correlation coefficients for amino acids and
nitrogen characteristics, for the linear, quadratic and linear x linear

effects {(Experiments1, 2 and 3).

Regression

equation

lY=b +C, +C,+b, T+b,M+b T2+b M2+b T™ +

0 2 1 2 11 22 9 %
(all interactions of C, and C, with T, M, T", M“ and T™)
. 1 2
Predicted
responses Multiple regression coefficients
(Y)
b G €y b by 11 br P12
Essential s I i %
Thr  4.611 =0.211, =-0.300,,, -0.033},, -0.020 -0.027" -0.017  -0.018
Cys  3.507 =0.279,, -1.113," -0.229" " -0.034  0.029 0.007 0.013
val  7.517 -0.553  -0.209 -0.012  -0.006" =-0.,021 0.005 0.021,
*kk Hekc 4 il
Met 0.554 -0.047* -0.050 0.002 ~0.004 0.001 -0.001 0.010
Tle  4.960 -0.151° -0.013  0.018  0.003,,,-0.015  -0.008,,, -0.040
Leu  7.594 0.089,,, 0.092, . 0.002  0.11277"-0.019  -0.13"" -0.027
Tyr  2.510 0.291,, 0.293,,, 0.005'  0.017  0.020,  0.019,, 0.008
Phe 4.431 0'336* 0.361* 0.019 0.010 0.026 0.056 -0.001
Lys  1.913 =0.072,,, -0.056, , -0.004 . 0,001, 0.000,  0.008 0.001
His 0.643 -0.057** -0.074** ¢.009 ~0.004 -0.005% -0.003 0.000*
Arg 6.421 -0.,243 -0.199 =0,000 -0.003 0.001 -0.006 -0.054
Non-essential K etk x%
Asp  6.180 =0.616  -0.408" = -0.043 " -0.027 -0.014, =-0.017  =0.020
Fokk Kk + St
Ser 11.029 -1.012** -0.689 -0.023 —0.018++ -0.084 =0.047 -0.003
Glu 10.843 —-0.444 0.104 0.045 -0.031 -0,042 -0.044 0.004
Pro  8.941 -0.113,,, -0.054,, 0,011 0.059  0.034  =-0.003 0,023
Gly 6.744 -0.732 =-0.211 0.012 -0.023 -0.010 —0.023* =-0.019
Ala  4.172 -0.225°° -0.139°  0.010™"  0.0137" —0.010  -0.029"" -0.015
2) Kk + E +
9354 96.745 (.566 =1.075,,, -0.096 -0.109 -0.187 0.033 =0.104
ASh3) 1.687 0.115** 1.261** -0.004 0.017 -0.001 0,000 -0.027
PP’ 93.875 2.617°  2.017 0.037,,, ©.076  0.256,,, 0.040  0.339
4) AuK S +++ kK +++ * *
NSSS) 79.326 14,683, 3.051*** 6.295%%x%x —1.535 -1.350 -0.597 0.834
NSH 58.9060 43.560 21.944 7.117% 0.928 ~(.823 -0.413 0.203
1) 3

In the equation Y is the predicted response, b's are the partial regression
coefficients and T and M are the coded time and meisture, respectively.

Cq is the contrast NA vs CH and Cp is the contrast NA vs EN. KA, CH and EN:
feath?r meals treated without additions, with chemical and enzyme, respectively.
All b's (except bg) are tested for b = 0, indicated by *, and a test is made for

Fhe equality of the b's per experiment. The significance for the last test is
indicated by +.

2), 3, 4
Ys 3, 4), S)See Table 2.5, footnotes 2}, 3), 4) and 5) respectively.
* Rk Rk

*p < 0.05, **p < 0.01, ***p < 0.001.
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