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ABSTRACT 

 

IMPROVING AND CHARACTERIZING THE NUTRITIONAL VALUE OF 

FEATHER MEAL USING RAINBOW TROUT (Oncorhynchus mykiss) AS A 

BIOLOGICAL MODEL: INSIGHTS INTO DETERMINANTS OF 

DIGESTIBILITY OF PROTEINS 

 

Guillaume Pfeuti:           Advisor: 

University of Guelph, 2017         Professor DP Bureau  

 

 Feather meal (FeM) is a high-protein and cost-effective feed ingredient, made from the 

steam-hydrolysis of keratin waste products generated by the animal processing industry. Keratins 

are composed of ~90% indigestible protein highly cross-linked with disulphide bridges. Steam-

hydrolysis promotes the disruption of disulphide, peptide, and hydrogen bonds, allowing peptides 

to become digestible and amino acids absorbable. The variability of the nutritional value of FeM 

is the result of the use of different raw materials and processing conditions during the production 

of this ingredient. Variations of heat processing conditions create disparities of disulphide 

conformers, D-amino acids, and cross-linked amino acids contents, and these affect the nutritional 

value of protein ingredients. Better understanding of the chemical interactions occurring during 

the processing of FeM would enable the development of methods to improve and estimate the 

nutritional value of this ingredient, which could assure the quality of FeM to feed stakeholders.  

 FeMs were hydrolyzed using a novel enzymatic pre-treatment with the aim of better 

understanding the effects of peptide and disulphide bonds on the digestibility of amino acids and 

bioavailability of test amino acids (arginine) in this ingredient by rainbow trout. In a first study, a 



 

 

bench-scale trial was carried out to determine the potential of incubating FeM with sodium sulfite 

and proteases to cleave disulphide and peptide bonds, respectively. Subsequently, a pre-treatment 

to improve the nutritional value of FeMs was developed. In a second study, the bioavailability of 

arginine in two FeMs and in their pre-treated counterpart (PTFeM) were assessed through a growth 

trial using rainbow trout. In follow up studies, the apparent digestibility of amino acids in the same 

FeMs and PTFeMs were assessed in rainbow trout. The disulphide and cross-linked amino acid 

contents in the four ingredients were quantified in an attempt to determine the factors affecting 

their digestibility and bioavailability. Results from this thesis demonstrate that a simple treatment 

targeting the disruption of disulphide and peptide bonds effectively improves the bioavailability 

of arginine and the digestibility of amino acids in FeMs. Furthermore, this thesis gives insight on 

the effect of structural and chemical characteristics of protein on the nutritional value of FeM. 
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CHAPTER 1: GENERAL INTRODUCTION 

 

 Hydrolyzed feather meal (FeM) is an economical feed ingredient with a high-protein 

content (75-85% CP) and is widely used in the formulation of animal feeds. While FeM is largely 

produced from feathers; hooves, claws, beaks, horns, and hog hair are also used in its production 

due to the massive generation of these keratin-rich products by the meat-processing industry. In 

2013, 23.2 million tons of chickens were slaughtered and processed in the United States alone 

(USDA 2013). Considering that 5 to 7% of the chicken body weight consist of feathers (Williams 

et al. 1991), one can estimate that in 2013, 1.4 million tons of chicken feather co-product was 

generated in the USA. Given that the USA accounted for 18.1% of the global chicken production 

in 2013, the global feather by-product generated by the broiler industry was approximately 7.7 

million tons in 2013 (FAO-Stats 2015). Of the feathers that are recycled, only a small fraction is 

used in composites and textiles, whereas the vast majority is processed into FeM (Woodgate 2006, 

Huda and Yang 2009, 2009). In 2013, only 617 thousand tons of FeM was produced in the USA 

implying that roughly 700 thousand tons of chicken feathers were incinerated or buried in landfills 

(Marcondes et al. 2008, Jin et al. 2011, Swisher 2015). Considering the nearly 7.7 million tons of 

global feather production annually, it is evident that a substantial amount of valuable protein which 

could be used for animal feeds is discarded. 

Raw feathers are structurally similar to hair, nails, wool, horns, and claws, and are 90% 

comprised of the structural protein keratin (Latshaw et al. 1994, Chen et al. 2012). In their natural 

state, feathers and other keratinaceous materials are indigestible (Mangold and Dubiski 1930, 

Moran et al. 1966). The strong internal interactions are responsible for their resistance to gastric 

solvents and proteolytic enzymes (Wrzesniewska-Tosik and Adamiec 2007). Keratin contains 

approximately 7% cysteine, an amino acid that has the particularity of forming strong disulphide 
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bridges by forming a dimer with another cysteine molecule (Arai et al. 1983, Steinert 1993). 

Disulphide bonds and hydrogen bonds tightly package the polypeptides in two major 

configurations: α-helix (found in mammalian keratin) and β-sheets (bird and reptilian keratin) 

(Fraser et al. 1972, Chen et al. 2012).  

Steam-hydrolysis is a process commonly used by the rendering industry to transform 

indigestible raw keratin into digestible FeM. This process involves cooking the feathers, which are 

often mixed with other sources of keratinaceous by-products (e.g. hog hair, claws, beaks, hooves, 

horns), under high-steam pressure conditions to promote rupture of disulphide bridges, peptides 

linkages, and hydrogen bonds within the protein. Once cooked, the keratin biomass is dried and 

grounded to produce the high-protein, free-flowing and palatable feed ingredient named FeM.  

The chemical composition, notably the high protein and amino acid content of FeM make 

it a highly convenient ingredient for animal feeds, especially feeds for aquaculture species, which 

are often formulated to very high (> 30%) protein levels (Bureau et al., 1999).  However, negative 

perceptions exist among feed manufacturers about the consistency of the nutritive value of this 

ingredient. Feed industry stakeholders frequently report that the digestibility of this ingredient is 

too variable. High variability of the digestibility of crude protein (CP) by poultry and different fish 

species was also largely reported in the scientific literature (Papadopoulos et al. 1985, Latshaw et 

al. 1994, Nengas et al. 1995, Wang and Parsons 1997, Bureau et al. 1999, Laporte 2007). 

Moreover, no reliable method for predicting the nutritional value of this ingredient has yet been 

developed, making accurate feed formulation difficult to accomplish. The diversity in processing 

equipment (cookers and driers), processing conditions (temperature, pressure, duration, etc.), and 

raw materials (feathers, hog hair, etc.) used by renderers to process this ingredient is responsible 

for this variability in nutritional value (Papadopoulos et al. 1985, Latshaw et al. 1994, Poppi 2009). 
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There has been several attempts to improve the nutritive value of FeM by adding an extra 

step to the standard steam-hydrolysis process where prior to steam-hydrolysis, raw feather biomass 

is exposed to an enzymatic treatment, with limited success (Barbour et al. 2002, 2002, Laporte 

2007, Serwata 2007, Davies et al. 2009). More recently, studies reported that keratinolytic 

microorganisms owed their ability to efficiently degrade keratin to the combined action of 

exogenous disulphide reductases and proteases (Yamamura et al. 2002, Ramnani et al. 2005). 

Those researchers proposed that reductases ruptured disulphide bridges, enabling proteases to 

hydrolyse the peptides bonds within the protein structure, breaking it into peptides and amino acids 

(Bockle and Muller 1997). Some more  recent studies successfully mimicked this phenomenon 

under in vitro conditions by dissolving keratinaceous materials into an aqueous solution using 

proteases along with reducing agents (Ramnani and Gupta 2007, Eslahi et al. 2013). To our 

knowledge, no study has yet evaluated the effect of hydrolysing FeM using a protease along with 

a reducing agent on the nutritional value of this ingredient. 

 

1.1 Objectives 

The main objectives of this research project were to: 1) explore the value of simple, cost-

effective, pre-processing techniques that could improve the nutritional quality of FeMs, and 2) 

contrast the nutritive value of different commercially-available feather meals and of their pre-

treated counterparts using different methodological approaches to examine their composition and 

characteristics, with the aim of better understanding the chemical basis of variation in the nutritive 

value of these ingredients. 
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CHAPTER 2: LITTERATURE REVIEW 

 

2.1 Introduction  

 In 2013, approximately 8.6 billion chickens were raised and processed in the USA, which 

represent 23.2 million metric tons (mt) of live weight (USDA 2013). By taking into account that 

feathers represent from 5 to 7% of the chicken’s body weight, we can estimate that 1.4 million 

tons of chicken feather co-products were generated by the USA in 2013 (Williams et al. 1991). 

Given that the USA produced 18.1% of the global chicken meat, an estimated 7.7 million tons of 

chicken feathers were generated in 2013 by the global broiler industry (USDA 2013, FAO-Stats 

2015). Those feathers are used in different ways: a small fraction is used in composites and textiles, 

whereas the vast majority is converted into FeM (Woodgate 2006, Huda and Yang 2009, 2009). 

The latter is a low-cost feed ingredient with a protein content ranging between 75-85% (as is), 

which is used in animal feeds. Only 617 thousand tons of FeM was processed in the USA in 2013, 

which implies that nearly 700 thousand tons of feathers were disposed of through incineration or 

landfilling (Marcondes et al. 2008, Jin et al. 2011, Swisher 2015).  By keeping in mind that 7.7 

million tons of feather processing co-product is produced worldwide by the broiler industry, it is 

obvious that globally, a very large volume of valuable dietary protein fails to be exploited from 

the recycling of this by-product into animal feedstuffs. 

 Raw feathers consist of over 90% of a protein called keratin, which is also the main 

structural component found in hair, nails, wool, horns, and claws (Latshaw et al. 1994, Chen et al. 

2012). Despite their high-protein content, raw feathers are virtually indigestible in their natural 

state (Mangold and Dubiski 1930, Moran et al. 1966). This lack of digestibility is mainly 

attributable to the high number of disulphide bonds due to the high level of cystine, which strongly 

ties the polypeptide chains into the robust structure that is keratin. Several processing methods 
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have been developed in order to break down those strong chemical bonds and to enable to the 

amino acid content to become available. Treatments include steam-hydrolysis, fermentation, and 

enzymatic hydrolysis (Latshaw et al. 1994, Serwata 2007, Grazziotin et al. 2008). Steam-

hydrolysis is the method most commonly to transform keratin by-products into FeM. During this 

process, feathers are first cooked under high-steam pressure, then dried and finally, milled to 

produce the free-flowing palatable meal known as FeM.  

 FeM is commonly used for the formulation of aquaculture diets, but at low levels of 

inclusion. Indeed, despite the interesting characteristics of FeM (high-protein and cost-effective), 

a negative perception exists in the animal feed industry about its nutritive value – or the lack 

thereof. Feed industry stakeholders find it risky to include FeM at significant levels in animal diets 

given its highly variable nutritional value. High variability of the nutritive value of FeM is 

supported by anecdotal evidence from feed manufacturers, along with a few scientific studies 

(Papadopoulos et al. 1985, Latshaw et al. 1994, Nengas et al. 1995, Wang and Parsons 1997, 

Bureau et al. 1999, Laporte 2007). The apparent digestibility (ADC) of crude protein (CP) in FeMs 

has been reported to vary from 58% to 93% in rainbow trout (Cho et al. 1982, Sugiura et al. 1998, 

Bureau et al. 1999, Cheng et al. 2004, Glencross 2011). Furthermore, no reliable method for 

predicting the nutritive value of this ingredient currently exists, making precise feed formulation 

challenging. This variability is the result of the use of highly diverse commercial processing 

equipment (cookers and driers), conditions (temperature, pressure, duration, etc.), and raw 

materials (feathers, hog hair, hooves, horns, etc.) used by manufacturers (Papadopoulos et al. 1985, 

Latshaw et al. 1994, Poppi 2009).  

 Developing methods to maximise and predict the nutritional value of FeM would allow 

feed manufacturer to gain confidence in the ingredient, and thus, would increase its level of 

inclusion in their feed formulations. A general increase in the use of FeM in animal diets would 
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result in a growth of the demand for this ingredient and consequently, would stimulate the interest 

of the rendering industry to convert more keratin by-products into animal feedstuffs. As such, 

being able to predict and improve the nutritional value in FeMs would have tremendously positive 

environmental and economic implications. 

 The aims of this literature review are 1) to contribute to a better understanding of the effect 

of processing on the chemical characteristics in FeMs, 2) to relate the impact of the chemical 

characteristics in FeM on its nutritional value, and 3) to introduce methods to characterize the 

chemical composition in FeM. 

 

2.2 Feather Meal: Raw Material 

 As its name suggests, FeM is manufactured, for the most part, using feathers, a 

keratinaceous co-product from the poultry-processing industry which contains approximatively 

90% CP (as is). Other keratin-rich by-products generated by the meat processing industry, such as 

hooves, beaks, claws, horns, and hair are regularly combined with poultry feathers and rendered 

together as a mixture. 

 Keratin is a polypeptide, which, depending on the structural arrangement, is classified 

either as α- or β-type (Fraser et al. 1972, Lee and Baden 1975). The α-keratin proteins are organized 

as α-helical coiled coils, while β-keratin consists of laterally packed β-strands of pleated sheets. 

Alpha-keratin is found in mammals, and it is the primary constituent of wool, hair, nails, hooves, 

and horns. The β-form of keratin is found in hard avian and reptilian tissues such as feathers, claws, 

beaks, and scales (Chen et al. 2012).  

 Under its natural form, keratin is poorly digestible due to the strong intermolecular and 

intramolecular disulphide linkages as well as the interchain hydrogen bonds (Fraser et al. 1972, 

Lin et al. 1992, Wrzesniewska-Tosik and Adamiec 2007). Disulphide bonds in keratin are the 
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result of the covalent binding of two cysteine molecules through an oxidation reaction which 

results one cystine molecule. The high cyst(e)ine content clearly distinguishes keratin from the 

other biological proteins.  

 The amino acid profiles of various keratinaceous animal processing by-products are 

presented in Table 2.1. Wool and hog hair contain higher cysteine levels than other keratinous 

animal processing co-products. All the keratin sources shown below (Table 2.2) are rich in 

arginine, threonine, leucine, isoleucine, and valine, but are relatively poor in histidine, lysine, 

methionine, and tryptophan.  

 

2.3 Feather Meal: Processing 

2.3.1 Steam-Hydrolysis 

 Steam-hydrolysis is the most common processing method used by the rendering industry 

to transform raw keratin into FeM. During this process, raw feathers, often mixed together with 

hog hair, hooves, and poultry claws and beaks, are cooked under high steam pressure in an 

industrial cooker (batch or continuous). The conditions of hydrolysis (temperature, pressure, and 

time) are highly variable across manufacturing facilities and change according to the type of 

industrial rendering equipment available. The residence time of the keratin by-products in batch 

hydrolysers varies from 4-7 h and the internal pressure from 198-414 kPa (Latshaw et al. 1994). 

As for continuous cookers, the residence time is 6-15 min and the pressure is 183-690 kPa (El 

Boushy et al. 1990). It must be noted that a short steam-hydrolysing period of time is associated 

with the use of a higher pressure and vice-versa. For instance, Davis et al. (1961) noted that steam-

pressures of 207, 414, 621 kPa for 90, 20 and 6 min respectively would achieve final products with 

approximatively 70% pepsin-HCL digestibility.  
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 The resulting hydrolyzed keratin material is transferred to a dryer, where its moisture 

content is reduced to approximately 5% (Laporte 2007). A variety of drying equipment is used for 

drying the hydrolyzed material which includes ring, flash, and disc dryers. Finally, the 

keratinaceous material is cooled and milled to produce a free-flowing meal of high relative density, 

which is rich in arginine, cysteine, and threonine, but low in methionine, lysine, histidine, and 

tryptophan (Table 2.2). 

 

2.3.2 Fermentation and Bacterial Hydrolysis  

 Over the past decade, a great deal of effort has been invested into developing bioprocesses 

that use keratinolytic microorganisms to degrade keratin as a green alternative to conventional 

hydrothermal degradation. Since feather-degrading microorganisms require limited heat for 

growth, the process is believed to be cheaper and more eco-friendly than the typical steam-

hydrolysis process. Furthermore, the chemical bonds in keratin are hydrolysed by enzymes instead 

of high-steam pressure involving a reduction in the destruction and racemization of amino acids 

and in the formation of cross-linked amino acids (CLAAs). Although a number of publications 

have described the feather-degrading capability of micro-organisms, few reported their utilisation 

for the processing of raw feathers into feedstuffs. Keratinolytic activity was reported in various 

species of fungi and bacteria (Kunert 1972, Williams et al. 1990, Bockle and Muller 1997, Kaul 

and Sumbali 1999, Jeevana Lakshmi et al. 2013, Laba and Rodziewicz 2014). Keratin degradation 

by microorganisms is possible due to their ability to produce both disulphide reductases and 

proteases (Yamamura et al. 2002; Ramnani et al. 2005). Secreted disulphide reductases cleave the 

disulphide bonds of keratin, allowing proteases to cleave the peptide in the protein, breaking it 

down into its dipeptides and single amino acids  (Bockle and Muller 1997, Yamamura et al. 2002). 

Yamamura et al. (2002) noted that none of those two types of enzymes produced from the 
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bacterium Stenotrophomonas sp. showed keratinolytic activity independently; however, they 

observed an increase of keratinolytic activity of more than 50-fold when the two enzymes were 

combined.  

 Few studies have investigated the nutritive value of fermented feathers. Several reports 

revealed that fermented FeM to have a superior pepsin-HCl digestibility than conventional FeM 

(Bertsch and Coello 2005, Grazziotin et al. 2006, Gang et al. 2013).  Williams et al. (1991) 

described that broiler chickens fed diets containing feather hydrolysate produced using Bacillus 

lichenformis exhibited an improved growth response of 19% over than those fed diets with 

commercial FeM. In addition, in vitro and in vivo studies showed that feather hydrolysate made 

through bacterial hydrolysis possess antioxidant properties (Fakhfakh et al. 2011, 2012, Fontoura 

et al. 2014). Therefore, feather hydrolysate could be employed as a source of dietary proteins and 

antioxidant in animal diets.  

 Contrary to popular belief of being a green alternative, fermentation and bacterial 

hydrolysis of feathers are processing method that require high-energy input.  Processes described 

in the literature involve the heat-sterilization of feathers through autoclaving or boiling to avoid 

spoliation and to promote exclusive fermentation by the inoculated microorganism (Williams et 

al. 1991, Grazziotin et al. 2008, Fakhfakh-Zouari et al. 2010, Fakhfakh et al. 2012). Moreover, a 

great amount of energy is required to maintain the culture medium between 30-45ºC for a period 

of 2 to 7 days (Williams et al. 1991, Grazziotin et al. 2008, Fakhfakh et al. 2012). After incubation, 

the medium is sterilized once more by autoclaving prior to drying and grinding (Williams et al. 

1991, Grazziotin et al. 2008, Fakhfakh et al. 2012).  

The transformation of poultry feathers into feedstuffs through fermentation and bacterial 

hydrolysis are time-consuming as well as energy-demanding, and thus may not be a more 

sustainable solution than steam-hydrolysis.  
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2.3.3 Enzymatic Hydrolysis 

 Feathers and other keratinaceous materials can be hydrolyzed through incubation with 

proteases. Enzymatic hydrolysis has the advantage over bacterial hydrolysis to not require pre-

sterilization of substrate nor anaerobic conditions. Moreover, the enzymatic hydrolysis of feathers 

can be performed in a matter of minutes instead of days, involving a faster turnover rate of 

production and reduced space requirement for incubators and feed storage.  

 Several studies assessed the nutritive value of enzymatically treated FeMs (Barbour et al. 

2002, Laporte 2007, Serwata 2007, Davies et al. 2009). In those studies, poultry feathers were 

ground and heated to 50°C with enzyme cocktails containing amylase, cellulose, phytase, 

xylanase, beta glucanase, pectinase, and protease for 15 to 30 minutes. Following the enzyme 

hydrolysis, the feathers were autoclaved for 15 to 30 minutes. The resulting keratin biomasses 

were dried to 5% moisture, cooled, and stored. 

 Serwata (2007) observed no significant difference of CP digestibility between an 

enzymatically digested and a regular steam-hydrolyzed FeM in rainbow trout. Similarly, Davies 

et al. (2009) reported no significant difference in digestibility of CP between a steam-hydrolyzed 

and an enzymatic FeM in European sea bass, gilthead sea bream, and turbot. Barbour et al. (2002) 

reported the digestibility of lysine, threonine, and histidine to be significantly higher (P<0.05) in 

enzymatic FeM than in commercial FeM by cockerels. 

 Investigations revealed that the enzymatic hydrolysis of keratinaceous material can be 

significantly enhanced by addition of chemical reductants (Ramnani and Gupta 2007, Eslahi et al. 

2013). The combination of reducing agents and proteases mimics the action of keratin-degrading 

microorganisms, whereas the reductants open the structure of keratin, allowing proteases to cleave 

peptide bonds. Reducing agents suitable for the hydrolysis of keratin with the purpose of feed 

manufacturing may include cysteine, glutathione, sodium sulfite, sodium metabisulfite, and 
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thioglycolate. Ramnani and Gupta (2007) degraded 96% of feather keratin within 48 h using 

sodium sulfite in combination with the commercial enzyme Savinase®. Within 30 minutes, Eslahi 

et al. (2013) degraded 26% of feather keratin using the same enzyme and reductant. As such, using 

chemical reductants along with proteases for transforming raw feathers into feed ingredients is an 

option deserving of further investigation. 

 

2.4 Use of Feather Meal in Fish Diets 

 A tremendous amount of effort has been invested in maximizing the inclusion level of the 

cost-effective source of protein that is FeM in fish diets as a response to the general increase in 

price of fishmeal. A significant number of studies have investigated the use of FeM in diets for 

several fish species including Nile tilapia (Oreochromis niloticus) (Bishop et al. 1995); tench 

(Tinca tinca L.) (González-Rodriguez et al. 2014); Japanese flounder (Paralichthys olivaceus) 

(Kikuchi et al. 1994); Coho salmon (Oncorhynchus kisutch) (Higgs et al. 1979); African catfish 

(Clarias gariepinus) (Chor et al. 2013); rockfish (Sebastes schlegeli) (Lee 2002), Asian a seabass 

or barramundi (Lates calcarifer) (Glencross 2011), and rainbow trout (Oncorhynchus mykiss) 

(Bureau et al. 1999, EL-Haroun et al. 2009, Poppi 2009, Glencross 2011)  among others. 

 Due to the imbalanced amino acid profile and because of the highly variable nutritional 

value of FeM, fish feed formulators have been limiting the inclusion level of this ingredient to 5-

10% (Bureau 2006). Various studies investigating the use of FeM as a replacement for fishmeal in 

fish diets indicate the possibility of inclusion levels much greater than those suggested by Bureau 

(2006), namely 20-25% of the diet (Henrichfreise 1989); 15% (Fowler 1990) ,  and 15 % (Bureau 

et al. 2000). Although relatively recent (15-30 years old), those studies were performed in a 

different era of compounded fish feed formulation, where fishmeal was the main protein ingredient 

in diets (approximately 40% of the diet then vs 15% in formulations for salmonids now) and worth 
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a fraction of nowadays’ price ($450-$650 USD per metric ton in 1995 vs. $1600-$2500 USD in 

2015) (Index Mundi 2017). It was thus straightforward to formulate diets with important levels of 

FeM without impairing their nutritional adequacy and palatability, since high levels of fishmeal 

were still present in the compounded feed. For instance, Bureau et al. (2000) reported that the 

formulation of diets for rainbow trout with up to 15% FeM (providing about 20% of total CP) did 

not significantly (P<0.05) affect growth, feed efficiency, nitrogen, or energy gains of the fish. 

However, it must be noted that those diets still contained 35% of fishmeal, which is well above 

the level generally used in today’s feed formulations for salmonids. 

 

2.5 Digestibility of Feather Meal by Fish 

 ADC values of CP in FeMs have been reported in several fish species: 20% in striped bass 

(Silva et al. 2013); 21-58% in gilthead sea bream (Nengas et al. 1995, Laporte 2007, Davies et al. 

2009), 36-47% in turbot (Davies et al. 2009), 58-93% in rainbow trout (Cho et al. 1982, Sugiura 

et al. 1998, Bureau et al. 1999, Cheng et al. 2004, Glencross 2011), 62% in Atlantic cod (Tibbetts 

et al. 2006), 63-79% in rockfish, 22-68% in European sea bass (Laporte 2007, Davies et al. 2009), 

80% in Coho salmon (Sugiura et al. 1998), 73% in barramundi (Glencross 2011), 93% in 

Australian silver perch (Allan et al. 2000).   

The ADC of CP in FeMs has been shown to vary greatly between batches, fish species, 

and studies (Nengas et al. 1995, Bureau et al. 1999). Sugiura et al. (1998) noted the ADC in CP in 

a FeM to be of 80% in Coho salmon and 86% in rainbow trout. Davies et al. (2009) reported that 

the ADC of CP in a FeM was of 22%, 47%, and 67% in gilthead sea bream, turbot, and European 

sea bass respectively. Glencross (2011) observed that CP digestibility values in a FeM were 

marginally greater in rainbow trout (93%) than in barramundi (75%). This highlights that certain 

fish species are better adapted than others to digest and absorb the protein in FeMs. 
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2.6 Amino Acid Cross-Linking and Cysteine Oxidation during Processing of Feather Meal 

 FeMs always contain a high level of the sulfur amino acid cysteine, which is highly reactive 

and susceptible to undesirable modifications (Figure 2.1). It can be oxidized into nutritionally 

unavailable cysteic acid in feeds that undergo oxygen peroxide treatment, processing, and 

prolonged storage (Anderson et al. 1975, 1976, Kuzmicky et al. 1977). Cysteine can also combine 

with certain amino acids to give CLAAs during the alkali and heat treatment during processing of 

feedstuffs (Anderson et al. 1976, Aymard et al. 1978, Deng et al. 1990). 

 During FeM processing, cystine may not be cleaved between its two sulfurs to give two 

cysteine residues (reduction reaction), but may be subjected to β-elimination of one of the sulfur 

atoms instead (Figure 2.1). This undesired reaction results in the formation of perthiocysteine 

residue and dehydroalanine (DHA) (Friedman 1977). Serine and phosphoserine are also 

susceptible to β-elimination reaction, and give dehydroalanine. The perthiocysteine residues 

resulting from cystine β-elimination can be hydrolysed to form cysteine and hydrogen sulfide. The 

latter is believed to catalyse the β-elimination reactions of cysteine, increasing the rate of keratin 

hydrolysis during wool processing (Lewis 2011). 

The double bond of the DHA intermediate reacts actively with cysteine, lysine, histidine, 

ornithine, and ammonia to form lanthionine (LAN), lysinoalanine (LAL), histidinoalanine (HAL), 

ornithoalanine (OAL), and β-aminoalanine (BAL), respectively (Figure 2.1) (Asquith et al. 1974). 

The ammonia and ornithine involved in the formation of OAL and BAL are the result of the 

hydrolytic degradation of arginine. There is a general consensus as the rates of those reactions are 

concomitant with increasing temperature, pH, treatment time, and the amount of precursors (Finley 

1983, Friedman et al. 1984). The susceptibility of proteins to amino acid cross-linking is also very 

dependent on their cysteine content (Savoie and Parent 1983).  
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The appearance of CLAAs during heat and alkali treatment of proteins is accompanied by 

a disappearance in the precursor cysteine, serine, arginine, and lysine (De Groot and Slump 1969, 

Friedman et al. 1984). Papadopoulos (1985) indicated that the amount of lanthionine in FeM 

approximated the loss of cysteine during processing. Similarly, Savoie and Parent (1983) found a 

correlation of R2 = 0.903 and R2 = 0.748 between the quantity of lysinoalanine formed and the total 

lysine, serine, and threonine lost during heat and alkali treatment of rapeseed and soybean proteins, 

respectively. This supports Boschin et al. (2003), who more recently claimed that CLAAs can be 

considered markers of heat damage in proteins.  

Lysinoalanine and lanthionine are ubiquitous; they were reported to be present in diverse 

processed feed ingredients (Robbins et al. 1980, Finley 1983, Friedman et al. 1984, Latshaw 1990). 

Little attention was given to OAL and BAL, although several processed feedstuffs, such as FeM, 

poultry by-product meal, and soybean protein concentrate, contain high levels of the arginine 

precursor (5.8%, 5.0%, and 4.6% respectively) and may contain high levels of those CLAAs (NRC 

2011).  

 

2.7 Prevention of Amino Acid Cross-Linking during Feed Processing 

The presence of sulfhydryl compounds, sodium sulfite, organic acids, copper salts, and 

carbohydrates during processing were shown to minimize the formation of lysinoalanine in foods 

(Friedman et al. 1984, Luo et al. 2014). Sulfhydryls (i.e. cysteine and glutathione) and sodium 

sulfite are of particular interest for FeM processing due to their redox properties; indeed, both have 

the ability to cleave disulphide bonds, promoting the solubilisation of cysteine-rich protein 

compounds (Eslahi et al. 2013, Wang et al. 2015). Sodium sulfite is preferable over sulfhydryl 

compounds for several reasons. Friedman (1977) noted that the presence Na2SO3 completely 

inhibited the formation of LAN and largely diminished the production of LAL in alkali-treated 
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wool and casein by 68% and 55%, respectively. Conversely, sulfhydryl compounds can inhibit 

LAL formation to the cost of promoting the production of non-toxic, but undesirable, LAN. The 

classical theory on this phenomenon postulates that sulfhydryl competes with lysine for the double 

bond on DHA, thus preventing the production of LAL by promoting the formation LAN (Robbins 

et al. 1980, Friedman 1999). Sodium sulfite has another advantage over sulfhydryl compounds by 

being a far more efficient reducing agent. In an attempt to solubilise feather keratin, Ramnani and 

Gupta (2007) established that sodium sulfite had a markedly greater reducing capacity than 

cysteine or glutathione while under identical enzymatic conditions (i.e. 96%  of solubilisation of 

feathers when combining NaSO3 + Savinase, 10% for cysteine + Savinase, 2% for glutathione + 

Savinase). 

 

2.8 Nutritional Value of Cysteic Acid and Cross-Linked Amino Acids  

 Previous studies have shown that cysteic acid was not an available source of sulfur amino 

acid in rats and chickens (Anderson et al. 1976, Kuzmicky et al. 1977). Much later, Kawakami et 

al. (2009) reported that the supplementation of diets containing 15% (as fed) soybean protein 

supplemented with 0.7% (as fed) cysteic acid did not affect plasma homocysteine levels, nor 

hepatic S-adenosylmethionine, S-adenosylhomocysteine levels, or cystathionine β-synthase 

activity in rats. This observation suggested that cysteic acid does not subserve as a metabolite to 

the methionine-homocysteine cycle. Alternatively, a multitude of studies demonstrate that this 

amino acid can be absorbed and converted to taurine in mice and rats (Anderson et al. 1975, 1976, 

Stipanuk and Rotter 1984). Edgar et al. (1994) assessed the capacity of cysteic acid to serve as a 

precursor for the dietary amino acid taurine in cats, which is an essential dietary nutrient to this 

specific species. They described that after ingestion, cysteic acid was efficiently absorbed by the 

gut of cats because of its absence of detectable levels in their feces. In addition, the level of taurine 
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and cysteic acid into the blood, as well as in the urine, of the cats increased concomitantly with 

dietary intake of cysteic acid level. This observation highlighted the capacity of absorption of 

cysteic acid and subsequent conversion to taurine by cats.  

Papadopoulos et al. (1985) described that chickens excreted approximately 75% of the 

dietary LAN provided from various FeMs. However, birds, much like reptiles, do not urinate and 

defecate in the typical way: they excrete the totality of their wastes in “one go” through their 

cloaca. Thus, studies investigating the dietary utilization of LAN in chickens do not differentiate 

the elements urinated (absorbed but not metabolized) from those defecated (not digested). 

Cavallini et al. (1960) showed that LAN can be absorbed in the gut and then transported to the 

liver, where it can be cleaved by cystathionase to form either D- or L-cysteine. In support of this 

view, Robbins et al. (1980) demonstrated that the cysteine moiety of lanthionine was 32% 

available to rats when fed DL-lanthionine and 52% available when fed L-DL-lanthionine.  

In a trial with mini pigs, de Vrese et al. (2000) assessed the digestibility of LAL in alkali 

treated casein, β-lactoglobulin, and wheat. They observed that the true ileal protein digestibility of 

LAL was of approximately 40%. Similarly, a study on the bioavailability of LAL showed that 36% 

of the lysine moiety of LAL was available to chicks, but conversely, reported it to be completely 

unavailable to rats (Robbins et al. 1980).   After feeding free 14C-LAL to rats, Struthers et al. (1980) 

observed that between 7% and 8% was excreted in feces, 58% in the urine, and 5% was expired as 

14CO2. As such, the total LAL recovery was always inferior to 100%, demonstrating that a 

proportion of LAL was retained by the organism. 

 

2.9 Toxicity of Compounds Present in Feather Meal 

Excessive dietary cysteine and cystine, two amino acids found at exceptionally high levels 

in FeM, have been well-investigated in experimental animals given their particularly toxic nature. 
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Most studies that investigated the toxicity of excessive dietary cyst(e)ine were performed using 

cysteine instead of its oxidized form, cystine. Although those two amino acids are equally efficient 

at promoting growth, in animals fed cyst(e)ine deficient but methionine adequate diets, they 

produce different relative pharmacologic effects when provided in excess (Graber and Baker 1971, 

Dilger et al. 2007).  

Dilger et al. (2007) observed 50% mortality in chicks after only 5 days of feeding a corn-

soybean meal diet supplemented with 30 g/kg cysteine (7.5-times the dietary requirement). On the 

other hand, only growth depression was observed in chicks fed diets heavily supplemented with 

cystine. Moreover, Dilger et al. (2007) denoted a markedly greater reduction of growth in pigs and 

rats fed diets excessively supplemented with L-cysteine when compared to those fed diets 

supplemented with L-cystine. In a subsequent study, Dilger and Baker (2008) evidenced that 

excess cysteine caused acute lethality in chicks due to extreme metabolic acidosis.  

Ingestion of LAL-containing proteins induces lesions in rat kidneys designated as 

nephrocytomegaly (De Groot et al. 1976, Karayiannis et al. 1979). The affected kidney cells show 

increased nucleus and cytoplasm size, as well as disturbances in the DNA synthesis and mitosis 

(De Groot et al. 1976, Karayiannis et al. 1979). The amount of dietary LAL required to induce 

kidney lesions in rats varies largely between studies, protein types (protein-bound vs free) the 

protein sources (feed ingredient), and rat strains. For example, De Groot et al. (1976) reported 100 

ppm of dietary synthetic lysinoalanine was sufficient to induce nephrocytomegaly in Wistar rats, 

whereas 6000 ppm when provided as a protein-bound compound in alkali-treated casein or 

soybean protein did not cause toxicity. In another study from Karayiannis et al. (1979), alkali-

treated soy protein providing 1370 – 2630 ppm dietary LAL caused nephrocytomegaly in Sprague-

Dawley and Wistar rats, while 4970 ppm of LAL provided by alkali-treated lactalbumin only 

induced minimal karyomegaly in Sprague-Dawley rats. A limited number of studies investigated 
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the detrimental effect of dietary BAL and OAL. An early study from Feron et al. (1978) described 

that 1000 ppm of synthetic OAL incited growth retardation and kidney lesions in rats, while 3000 

ppm of dietary synthetic BAL caused growth retardation but no kidney lesions. 

LAL-induced nephrocytomegaly seems to be species-specific. An investigation from De 

Groot et al. (1976)  showed that 1,000 ppm of dietary synthetic LAL did not cause renal lesions in 

mice, hamsters, rabbits, quail, dogs, or monkeys. The mechanism of nephrotoxicity of LAL in rats 

is not well understood, but it is suggested that due to its chelating properties, LAL interacts with 

the copper (II) of metallothioneins within the epithelial cells of the proximal tubules (Pearce and 

Friedman 1988). Despite the extensive efforts spent in assessing the toxicological effect dietary of 

LAL on birds and mammals, no research was performed with aquatic species. The effect of LAL 

and other CLAAs deserve to be systematically investigated in aquaculture species since their diets 

are formulated using high levels of heat and alkali-processed protein ingredients. 

 

2.10 Assessment of the Nutritive Value of Feather Meals 

2.10.1 In vitro Digestibility 

 The Association of American Feed Control Officials (AAFCO) stipulates that no less than 

75% of the protein content in FeM must be digestible in 0.2% pepsin solution to assure adequate 

processing of the ingredient (Moritz and Latshaw 2001). The diluted pepsin digestibility assay is 

an official test adopted by the Association of Official Analytical Chemists (AOAC) in 1960. 

According to this method, a small sample is hydrolyzed in a flask with an HCL solution (pH=2) 

containing 0.2% porcine pepsin for 16 hours at 45°C. The undigested remainder is filtered from 

the solution, its protein content determined, and the amount of soluble protein calculated. The 

quotient between the soluble protein content and the total protein content in the sample represents 

the pepsin digestibility value.  
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 The pepsin digestibility method has been reportedly used throughout the literature to 

evaluate the effect of processing conditions on the hydrolysis of FeM (Papadopoulos et al. 1986, 

Papadopoulos 1987, Latshaw 1990, Latshaw et al. 1994, Moritz and Latshaw 2001). The level of 

pepsin digestible protein in FeM was shown to increase concomitantly with the increment of 

cooking pressure and time (Latshaw et al. 1994, Moritz and Latshaw 2001). It must be noted that 

the pepsin-HCl assay only assesses the solubility of the protein content in feather under specific in 

vitro conditions. Therefore, this test should be used for the sole purpose of estimating the degree 

of hydrolysis of the ingredient, but not for appraising its actual digestibility by an animal. 

Papadopoulos (1987) reported a poor correlation between the in vitro and in vivo protein 

digestibility of FeM in broiler chickens.  

 

2.10.2 In vivo Digestibility 

 Measures of in vivo digestibility are routinely used as estimates of absorbability of 

components (dry matter, crude protein, lipid, ash, carbohydrate, amino acid) in FeMs by animals. 

Briefly, the digestibility of a component in a feed or a diet is a measure of its disappearance through 

the gastrointestinal tract of an animal (Stein et al. 2007). Then again, these measurements do not 

allow for the determination of the proportion of the absorbed components usable for growth or 

metabolic purposes (bioavailable components) (Waibel et al. 1977).  

 The disappearance of amino acids at the terminal ileum (apparent ileal digestibility) is 

considered to be a more accurate measures of amino acid absorbability than fecal digestibility 

since it represents enzymatic protein digestion and the absorption of AA with no interference from 

the microbial action in the hindgut (Ravindran et al. 1999, Stein et al. 2007). The ileal digestibility 

assay has been widely recognized in swine (Stein et al. 2007) and poultry nutrition  as an effective 

method to estimate AA absorbability (Ravindran et al. 1999).  
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 Ileal digestibility assays, however, do have some limitations. Indeed, ileal digestibility 

tends to overestimate AA utilization in diets with high-fibre (Zhu et al. 2005) and in ingredients 

containing heat-damaged lysine (Rutherfurd and Moughan 1997). Also, as previously mentioned, 

these assays are sensitive to experimental artefacts such as the composition of the basal diet, age, 

genetics of the animals used, environmental conditions, and the methods of analysis. Moreover, 

ileal digestibility assays are time-consuming, expensive, and require euthanizing the animal in 

order to collect the ileal content in fish and poultry.   

 

2.10.3 Bioavailability Assays 

 Another approach is to assess the level of usability by an animal of a certain nutrient for 

metabolic processes (termed bioavailability) in a test ingredient. To evaluate the usability of 

nutrient in an ingredient, one must first determine the level of that nutrient in the ingredient. The 

bioavailability of amino acids has been evaluated in numerous species using different assays such 

as three point, slope ratio, parallel lines standard curve and mean ratio (Littell et al. 1997).  

 Poppi et al. (2011) compared the bioavailability of arginine in feather FeM to that of 

crystalline L-arginine through a slope-ratio essay. Diets were formulated to contain increasing 

levels of arginine through incremental inclusion of FeM or crystalline L-arginine. The diets were 

then fed to rainbow trout, and growth parameters were recorded in response to increasing levels of 

FeM. The responses of the fish to increasing levels of arginine were then fitted with regression 

lines, and the slope of responses of the fish fed diets containing FeM were compared to those of 

fish fed diets containing crystalline L-arginine. Using the ratio of the two response slopes, the 

relative bioavailability value was calculated according to Littell et al. (1997). This value was the 

bioavailability of arginine in FeM relative to that of crystalline L-arginine, which was assumed to 

be 100% available. 
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 Slope ratio assays, however, do have some limitations and are sensitive to experimental 

artefacts (Poppi et al. 2011). Firstly, just like ileal digestibility assays, slope ratio assays require 

resources and are time-consuming trials. Secondly, when increasing the inclusion level of a test 

ingredient in a diet to increase the level of a specific nutrient, a subsequent decrease of the inclusion 

level of other ingredients occurs. These other ingredients may have nutritional divergences with 

the test ingredient such as levels of other essential nutrients, non-starch polysaccharides, anti-

nutritional factors, or even palatability, and thus, confound the results, as the response may be due 

to effects other than the level of the test nutrient (Chowdhury et al. 2013).  

 

2.11 Quality Indicators in Feather Meal  

2.11.1 Cross-Linked Amino Acids and Cysteic Acid 

 An inversely proportional relationship was reported between the level of CLAAs in an 

ingredient and its digestibility of protein (Hayashi and Kameda 1980, Friedman et al. 1981, Chung 

et al. 1986, de Vrese et al. 2000). Likewise, Papadopoulos et al. (1985) denoted that the overall 

amino acid digestibility of FeMs by chickens was inversely proportional to the LAN content of 

the ingredients. More recently, de Vrese et al. (2000) describe similar observations in a trial with 

minipigs fed with alkali treated casein, β-lactoglobulin, and wheat. However, relationships 

between the level of OAL, BAL, or cysteic acid in feed and their protein digestibility have never 

been confirmed for the technical and practical reasons described below.   

 Urea-bisulfite solubility is a common test for estimating the heat and alkaline damage in 

wool keratin. The method was introduced to evaluate the level of cross-links in the wool chain. 

The principle behind this test is that urea cleaves the hydrogen bonds, while bisulfide breaks the 

disulphide bonds. As such, the lower the urea-bisulfite solubility, the higher the damage. The 

method accepted by the International Wool Textile Organization (IWTO) uses a solution 
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containing 50g of urea, 3g of sodium metabisulfite, and 2 ml of 5N sodium hydroxide per 100ml 

(IWTO-11-65 (E)). A severely cross-linked wool shows ˂10% weight loss, while an undamaged 

wool can have 40-50% weight loss (Weaver 1984). This method may have application for 

determination of heat and alkali damage in keratin-containing feedstuffs like FeM.  

Today, amino acids in feedstuffs and other substrates are most commonly quantified using 

ultra-high-pressure liquid chromatography (UHPLC). In order to be analyzed, protein-bound 

amino acids must be hydrolysed into their free form. Protein hydrolysis generally involves 

incubation of the sample for 24 h with 6 M hydrochloric acid at 110ºC in an oxygen-free 

environment. Such conditions promote the destruction of cyst(e)ine. For this reason, cyst(e)ine 

must be converted into an HCL stable compound to be quantified. The most common practice 

involves oxidation reaction of cyst(e)ine with performic acid to the stable derivative cysteic acid. 

Rutherfurd et al. (2007) reported cysteic acid to be stable during acid digestion of canola, skim 

milk powder, corn meal, soybean meal, and meat and bone meal. Ideally, cysteine should be 

quantified independently from cysteic acid. Assuming the total of cysteic acid measured after 

performic oxidation as cysteine will tend to overestimate the cysteine content since a certain level 

of cysteic acid may already be present in feed ingredients prior to oxidation.  

CLAAs can, in theory, be analyzed by UHPLC after acid hydrolysis just like normal amino 

acids. In liquid chromatography, the purified form of a compound of interest is generally required 

to generate a calibration curve standard in order to determine its concentration in a sample. 

Crystalline LAL and LAN are extremely costly, while synthetic OAL and HAL can scarcely be 

obtained through a handful of specialized laboratories. Because purified CLAAs are expensive and 

of no nutritional value in feed ingredients, very little effort has been invested in developing 

accurate quantification methods of those compounds. Free and protein-bound LAL in lactallbulin, 

soy protein, and wheat gluten appeared to be stable to the standard acid hydrolysis conditions used 
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for standard HPLC amino acid analyses of feed ingredients (Friedman 1978, 1979, Friedman et al. 

1984). Additionally, Zoccola et al. (2012) hydrolyzed wool samples under the same hydrolysis 

conditions prior derivatization with 6-aminoquinolyl-N-hydroxysuccimildyl carbamate (AQC) in 

order to determine their content in lanthionine and cysteic acid. AQC reacts with both primary and 

secondary amine to produce 6-quinolinylaminocarbonyl amines, which can be detected by 

ultraviolet and fluorescence detectors. LAN, LAL, OAL, BAL, and cysteic acid all have at least 

one amine group to which ACQ can react with. Consequently, those CLAAs can be derivatized 

with AQC and separated by C18 reversed-phase chromatography with an acetonitrile-based 

gradient just like conventional amino acids. 

 

2.11.2 Thiol Groups and Disulphide Bonds 

 The hydrolysis of raw keratin into a digestible material is mostly achieved through the 

reduction of the disulphide (S-S) linkages in cystine residues into two independent cysteines, each 

with a thiol group (S-H). Recently, Zhang et al. (2014) established a strong correlation (R2=0.98) 

between the reduction of disulphide bonds and the in vitro digestibility of steam-hydrolyzed FeM 

made from duck feathers.  

  The DTNB (5,5-dithio-bis-(2-nitrobenzoic acid)) method, also called the Ellman’s 

Reagent Method, has been widely used in the literature to measure the levels of disulphides and 

thiols in feedstuffs (Opstvedt et al. 1984, Anderson et al. 1993, Chan and Wasserman 1993, 

Aslaksen et al. 2006, Zhang et al. 2014). This method is popular due to its low cost and simplicity 

of use. The reaction between DTNB and the thiol (S-H) group on cysteine results in the production 

of 5-thio-2-nitrobenzoic acid (NTB2-), which the absorbance can be read at 412 nm with a molar 

extinction coefficient of 1.36×104M−1cm−1 (Ellman 1958). When reacted with oxygen, DTNB 

produces disodium 2-nitro-5-thiosulfobenzoate (NTSB2-). NTSB2- specifically reacts with thiol 
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groups formed from the reduction of disulphide bonds by sodium sulfite, which then releases the 

quantifiable NTB2- (Thannhauser et al. 1984). During this reaction, one mole of NTB2- is produced 

for every pair of thiol present in the sample. As such, total disulphide bonds can be calculated as 

the difference between total thiols and free SH content.  

 Raman spectroscopy has been extensively used to monitor the reduction of disulphide 

bonds and the production of thiols groups during the treatment of various types of keratin (Pande 

1994, Gomez et al. 1995, Pielesz and Weselucha-Birczynska 2000, Wojciechowska et al. 2004, 

Kuzuhara and Hori 2005). This technology has the advantage of being non-destructive and requires 

no sample extraction or purification. Most importantly, Raman spectroscopy has an advantage over 

other analytical methods by being capable of simultaneously providing information on the levels 

of S—S and S—H bonds (found on cystine and cysteine respectively) present in a compound. 

 

2.11.3 Keratin Structure 

 The percentage of share of particular conformation forms of protein in FeMs can indicate 

the type of raw material used for its manufacture, since mammal keratin is of α-type, whereas bird 

keratin is of β-type (Chen et al. 2012). Hog hair is harder to denature than feathers and necessitates 

longer hydrolysis time or higher pressure to assure sufficient digestibility by animals (Mass et al. 

1999). Those harsher hydrolyzing conditions are believed to impair the nutritional value of the 

feather fraction of the final meal. As well, FeMs made with feathers were reported to be more 

digestible than those made using hog hair (Wang and Parsons 1997). Consequently, FeMs made 

from a sole source of keratin or with feathers only are considered to be of better quality.  

 So far, it has not been possible to collect test results regarding the effect of steam-hydrolysis 

on the structure of feather keratin. However, various studies revealed that the chemical and 

enzymatic treatment of wool keratin lead to a weakening of the α-helix forms and an increase in 
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the β-sheet and disordered forms (Pielesz and Weselucha-Birczynska 2000, Pielesz et al. 2003, 

Wojciechowska et al. 2004, Aluigi et al. 2007). The percentage of share of secondary protein 

structures in FeM may therefore also provide indications on the level of steam-hydrolysis.  

 Raman and infrared (IR) spectroscopy are useful techniques for studying the protein 

conformation in keratotic materials (Wojciechowska et al. 1999, 2004, Pielesz and Weselucha-

Birczynska 2000, Pielesz et al. 2003). Amide I and III bands of Raman and IR spectra are the two 

most conformationally sensitive probes and can be used to define secondary structures present in 

proteins (Carey and Salares 1980). The amide I band seems to be the mostly utilised band for 

determining keratin conformation. This band is mostly generated by the CO stretching vibrations 

of the peptide group (—CONH—), with a small contribution from the N—H bending (Clark and 

Hester 1986). These bands can be further resolved into three smaller Gaussian-shaped bands 

corresponding to α-helix, β-sheet, and disordered structure. From there, the percentage of each 

type of structure can be estimated. 

 

2.12 Conclusion 

 As a response to the global rise of the protein cost, animal feed formulators are facing the 

challenge of manufacturing diets, which while being cost-efficient, must sustain adequate growth 

performance. To meet this challenge, animal feed manufacturers increasingly have to rely on more 

economical protein sources. However, in order to efficiently formulate a diet using a new protein 

source, one must have accurate information on the nutrient requirements of the animal and on the 

exact nutritive value of the commodity.  

 Worldwide, a fraction of the keratin by-products generated by the meat industry is 

converted to FeM, which is the most economical protein source per unit of crude protein.  On the 
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other hand, this commodity is notorious for its highly variable and unpredictable nutritive value, 

thus being risky to include significant levels in animal diets.  

  Anecdotal evidence from feed stakeholders along with studies suggest that the high 

variability in nutritional value of FeM is caused by differences in the raw materials, processing 

conditions, and processing equipment used by renderers. It was reported that FeMs made using 

hog hair had a lesser digestibility than the ones made using only poultry feathers (Wang and 

Parsons 1997). Moreover, under or over-processing and harsh drying conditions negatively affect 

the digestibility of this commodity.  

 The raw material used for the fabrication of FeM, the level of processing, as well as the 

level heat damaging can be evaluated using analytical and chemical methods. Firstly, the structure 

of the keratin may indicate the source of the raw material used for its manufacture. Secondly, 

determining the levels of thiols and disulphide bonds can reveal the level of processing. Finally, 

the level of CLAAs may indicate the level of heat damage that the FeM took up during processing.  

 Developing methods to maximise and to predict the nutritional value of FeM is necessary. 

Feed manufacturers will be more confident and include greater levels of FeM in their diets if its 

nutritive value is either known and/or maximized. An increase in the demand of FeM for the 

formulation of animal diets will stimulate a general interest to convert raw keratin in animal 

feedstuffs. Being able to predict the nutritive value of FeM will consequently have both positive 

environmental and economic consequences. 
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Table 2.1 - Amino acid content (% as is) of keratinaceous by-products. 

Amino Acid Chicken 

Feathers1 

Hog Hair2 Cattle Hair3 Horn-Hoof 

Mixture4 

Wool4 

Alanine 2.9 4 2.1 3.7 3.3 

Arginine 6.8 8.6 8.6 10.8 10.2 

Aspartic acid 4.2 7.0 4.1 8.7 7.0 

Cysteine 6.6 10.2 4.65 7.1 10.8 

Glutamic acid 8.2 15.3 17.5 16.3 13.8 

Glycine 5.2 4.0 3.6 4.0 4.6 

Histidine 0.2 1.0 1.8 1.3 1.3 

Isoleucine  3.9 3.3 2.9 4.1 3.2 

Leucine 5.7 7.3 7.1 8.7 7.2 

Lysine 1.6 3.2 4.4 4.6 3.0 

Methionine 0.7 0.7 0.3 1.0 0.6 

Phenylalanine 3.5 2.6 1.7 3.2 3.6 

Proline 7.4 - - 4.4 5.7 

Serine 8.7 8.0 8.7 7.2 8.5 

Threonine 3.5 5.6 6.2 5.1 6.0 

Tyrosine - 3.2 2.1 4.5 5.9 

Valine 5.3 5.4 4.5 5.3 5.1 
1Latshaw et al. (1994) 

2Moran et al. (1967) 

3Moran and Summers (1968) 

4Zoccola et al. (2009) 
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Table 2.2 - Dry matter, CP and amino acid content (% 

as is) of feather meals (FeM), hog hair meal (HHM), 

fermented feather meal (FFeM) and enzymatic feather 

meal (EFeM). 

Component FeM1 HHM1 FFeM2 EFeM3 

DM 94.0 94.0 95.5 94.4 

CP 84.5 87.0 88.2 89.8 
     

Alanine 3.8 4.8 4.0 4.2 

Arginine 5.9 7.1 6.8 6.6 

Aspartic acid 5.4 5.7 5.8 6.2 

Cysteine 4.5 3.5 4.8 6.1 

Glutamic acid 9.4 11.2 9.6 9.3 

Glycine 6.5 6.0 6.7 7.3 

Histidine 0.6 0.8 0.7 0.8 

Isoleucine  4.2 3.6 4.3 4.4 

Leucine 6.8 6.8 7.1 7.5 

Lysine 1.9 2.6 2.1 1.5 

Methionine 0.7 0.8 0.5 0.5 

Phenylalanine 4.0 3.2 4.2 5.0 

Proline 8.6 8.8 9.8 10.7 

Serine 9.5 7.7 4.2 10.7 

Threonine 3.8 3.8 2.1 4.1 

Tyrosine 2.3 2.4 0.6 2.9 

Valine 6.0 5.0 6.4 7.3 

Lanthionine 1.9 3.1 - 4.5 
1Adapted from Wang and Parsons (1997) 
2Williams et al. (1991) 
3Barbour et al. (2002) 
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Figure 2.1 - Proposed mechanisms of formation of lanthionine, lysinoalanine, ornithinoalanine, β-aminoalanine and histidinoalanine, 

and oxidation of cyst(e)ine to cysteic acid. 
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CHAPTER 3:  DEVELOPMENT AND OPTIMIZATION OF AN ENZYMATIC 

PRE-TREATMENT FOR IMPROVING THE NUTRITIVE VALUE OF 

FEATHER MEAL 

 

Abstract 

 Feather meal is an abundant protein-rich feed ingredient widely used in the formulation of 

animal diets. This commodity is known for its highly variable nutritive value. Feather meal is 

generally produced by steam-hydrolysing, drying and grinding of keratin animal by-products 

(feathers, hog hair, hooves, horns, etc.). The enzymatic hydrolysis of high-protein feedstuffs with 

proteases cleaves the peptide bonds they contain, releasing small peptides and amino acids, and 

facilitating digestion and absorption by animals. FeM protein contains a high degree of strong 

disulphide linkages that tightly hold the protein structure together and prevent proteases to effectively 

cleave the peptide bonds. However, reducing agents such as sodium sulfite cleave disulphide bonds 

and unfold the protein structure which exposes peptide bonds for proteases to break down. Therefore, 

an enzymatic pre-treatment that cleaves peptide and disulphide bonds could allow to improve the 

nutritional value of FeM.  

 This study investigated the potential of an enzymatic pre-treatment involving the use of 

proteases along with sodium sulfite to hydrolyze feather meal. The effects of enzyme level, reducing 

agent level, and digestion buffer level, on the hydrolysing efficiency of two types of commercial 

proteases was assessed through a full factorial design; one protease was of fungal origin (Protease A) 

the other of bacterial origin (Protease B). The efficiency of each combination of parameters to 

hydrolyze FeM was assessed as the percentage of nitrogen solubilized in trichloroacetic acid solution 

by the pre-treatment and expressed as degree of hydrolysis (DH).  
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 Protease B showed a significantly greater (P<0.0001) hydrolyzing capacity in comparison to 

Protease A. Second order polynomial models with regression coefficients (R2) close to 1.0 indicated 

accuracy of the optimization models for each proteases to predict the DH of FeM. Enzyme level of 

3% (%FeM w/w), reducing agent level of 3% (%FeM w/w), and water level of 500% (%FeM w/w) 

was found to be the optimal conditions to hydrolyze feather meal using both enzymes. Under optimal 

conditions, DH of 45% was reached with Protease B. This pre-treatment has the potential for 

application in the animal feed industry as a way to maximize the nutritional value of feather meal. 
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3.1 Introduction 

In 2013, 22.8 billion metric tons of chicken were slaughtered and processed by the USA alone 

(USDA 2013).  Feathers represent from 5 to 7% of the chicken body weight (Williams et al. 1991). 

Since the USA produced about 18% of the global chicken meat, an estimated 7.7 billion tons of feather 

processing co-products are generated worldwide annually from the broiler industry only (USDA 2013, 

FAO-Stats 2015). A small fraction of those feathers is used for the fabrication composites and textiles, 

while the vast bulk is processed into feather meal (FeM) (Woodgate 2006, Huda and Yang 2009, 

2009). FeM is a cost-effective and high protein (75-85%) feed ingredient used for the formulation of 

animal diets. Only 617 thousand tons of FeM were produced in the USA in 2013, which implies that 

a great portion of these co-products was discarded through landfilling or incineration (Marcondes et 

al. 2008, Jin et al. 2011, Swisher 2015). Bearing in mind that nearly 7.7 million tons of feather 

processing co-product are produced globally by the chicken industry, it is evident that a considerable 

amount of valuable protein fails to be harnessed from the processing of this co-product into animal 

feeds. 

Raw feathers are 90% keratin, a protein which is also the main structural component found in 

hair, nails, wool, horns and claws. Raw feathers are virtually indigestible in their natural state 

(Mangold and Dubiski 1930, Moran et al. 1966). The important degree of cross-linking with 

disulphide bridges supplied by a high cysteine content strongly holds keratin polypeptides together 

into a recalcitrant structure extremely resistant to digestion (Wrzesniewska-Tosik and Adamiec 2007).   

Several processing methods have been developed to transform keratin by-products  into 

digestible material, including hydrothermal treatment, fermentation, and enzymatic hydrolysis 

(Latshaw et al. 1994, Serwata 2007, Grazziotin et al. 2008). Hydrothermal treatment, also called 

steam-hydrolysis is commonly used by the rendering industry to transform keratinaceous co-products 
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into feedstuffs. This process first involves the cooking of the raw keratin under high-steam pressure 

in order to disrupt the disulphide bridges, peptide linkages, hydrogen bonds and hydrophobic 

interactions, holding the keratin structure together (Grazziotin et al. 2006). Subsequently, the 

hydrolyzed keratinaceous material is dried, cooled and milled to produce a free-flowing palatable 

meal known as FeM.  

Despite its interesting characteristics (high-protein and cost-effective), FeM is notorious 

amongst feed industry stakeholders for its variability of nutritional value. An important number of 

studies evidenced the presence of high variability of digestibility of crude protein (CP) in FeMs by 

poultry and farmed fish species, among other animal livestock. (Papadopoulos et al. 1985, Latshaw 

et al. 1994, Nengas et al. 1995, Wang and Parsons 1997, Bureau et al. 1999, Laporte 2007). Variability 

of digestibility of CP and amino acids in FeMs has been largely associated with the use of highly 

diverse raw materials and commercial processing systems under various processing conditions 

(pressure, temperature, time) by renderers (Papadopoulos et al. 1985, Latshaw et al. 1994, Poppi 

2009) 

Without success, several studies have explored the option of using enzymatic treatments to 

improve the digestibility of CP in FeMs (Barbour et al. 2002, Laporte 2007, Serwata 2007, Davies et 

al. 2009). In those studies, poultry feathers were incubated with enzyme cocktails for a short period 

of time prior to conventional steam-hydrolysis. Logically, hydrothermal treatment weakens chemical 

bonds and improves efficiency of a subsequent enzymatic pre-treatment aimed at hydrolysing keratin. 

Moreover, the presence of either, a reducing agent or a disulphide reductase is essential to enable the 

proteolytic enzymes to efficiently hydrolyze raw keratin into peptides and amino acids (Bockle and 

Muller 1997, Yamamura et al. 2002, Ramnani and Gupta 2007). Indeed, by disrupting disulphide 

bonds, reducing agents unfold the protein structure of keratin, exposing peptide bonds to proteases, 
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which in their turn, cleave the protein into peptides and amino acids.  The extent to which keratin is 

hydrolyzed has been reported to be dependent on many factors such as protease sources, enzyme 

loadings, reducing agent concentrations and digestion buffer to substrate ratios (Ramnani and Gupta 

2007, Eslahi et al. 2013).  

Consequently, this study investigated the potential of a novel pre-treatment approach to 

improve the nutritive value of FeM. The efficiencies of two proteases from microorganisms of 

different kingdoms (fungal and bacterial) to hydrolyse FeM under various incubation conditions, 

including enzyme level, sodium sulfite level and water level was assessed. 

 

3.2 Material and methods 

The FeM used in this trial was provided by the rendering company Sanimax (Montreal, Qc, 

Canada) and consisted of a mixture of steam hydrolysed hog hair and broiler feathers.  

The two commercial proteases were provided by a distributor who requested that the brands 

of the products remain confidential. Both proteases were the extracellular product isolated from 

microorganisms and manufactured through industrial fermentation.  Protease A was from a fungal 

source and Protease B from a microbial source.  

 

3.2.1 Experimental design and statistical analysis 

The effects of three factors, (1) enzyme loading at 0, 1, 2, and 3% of FeM (w/w), (2) sodium 

sulfite at 0, 1.5, 3% of FeM (w/w), and (3) digestion buffer level at 200, 350, and 500% of FeM (w/w), 

on the hydrolysis of FeM were evaluated through a full factorial design for each protease. A total of 

36 experiments was conducted in triplicates at all points in a fully randomized design for each 

protease.  
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JMP® software (V12.2.0, SAS Institute Inc., Cary, NC) was used to generate and analyze the 

two full factorial designs. Based on the literature, the linear and quadratic effects of the three variables 

were calculated, and their interactions, on the degree of hydrolysis for each protease. The significance 

of these variables were assessed by analysis of variance (ANOVA) and considered significant at 

P<0.05. The experimental data was fitted using a second-order polynomial equation to describe the 

main effects in terms of linear, quadratic, and interactions:  

𝑌 = 𝑏0 + ∑ 𝑏𝑖

3

𝑖=1

𝑋𝑖 +  ∑ 𝑏𝑖

3

𝑖=1

𝑋𝑖
2 + ∑ ∑ 𝑏𝑖𝑗

3

𝑗=𝑖+1

2

𝑖=1

𝑋𝑖𝑋𝑗 

where Y is the degree of hydrolysis, Xi is the independent variables, and bi is the regression 

coefficients. The fit of the second-order equations were evaluated by the determination of R-squared 

coefficient and adjusted R-squared coefficient. 

Group means of degree of hydrolysis were compared between the two enzymes using the least 

squares means contrast (LS means contrast) function of JMP® and difference was considered 

significant at P<0.05. 

 

3.2.2 Feather meal treatments 

Samples of FeM (20g) were mixed with various levels of digestion buffer (200, 350, 500 % 

of FeM (w/w)) and sodium sulfite (0, 1.5, or 3% of FeM (w/w)) in 250ml plastic bottles with screw 

caps (Sorvall® Intruments, Wilmington, DE, USA). Separate batches of digestion buffers were 

prepared for each enzyme. Both buffers were prepared by mixing distilled water with tris (0.01M) 

and sodium azide (0.05 %w/v) according to Coll et al. (2007). The pH of the digestion buffer were 

adjusted to the optimum recommended by the manufacturer of the enzymes (pH 7.5 for Protease A 

and pH 10 for Protease B) by adding 0.2 N NaOH. Hydrolysis was initiated prior to incubation by 
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adding one of the two proteases to the mixtures. Each incubation was performed for 3 hours in a 

temperature-controlled water bath (Haake SWB25, Karlsruhe, Germany) with constant agitation (110 

rpm) and temperature adjusted to the optimum of the enzymes (37ºC for the Protease A and 55ºC for 

Protease B). Each treatment was performed in triplicate.  

The treatments were terminated by adding one volume of 20% trichloroacetic acid (TCA) 

solution and was followed by centrifugation at 4,000 rpm for 10 minutes (Eppendorf 5810 R equipped 

with a A-4-62 rotor, Hamburg, Germany)  to collect the 10% TCA-soluble nitrogen solution as the 

supernatant. The supernatants were transferred in separate containers and stored overnight at 4ºC until 

nitrogen analysis.  

 

3.2.3 Determination of degree of hydrolysis 

The FeM and the 10% TCA-soluble supernatants were analyzed for nitrogen by macro-

Kjeldahl method (AOAC 1995) using a Kjeltec protein analyzer (Model #8200, Tecator, Hoganas, 

Sweden). 

The degree of hydrolysis (DH) was calculated as per the methodology described by Hoyle and 

Merrit (1994) with the equation below: 

DH =
Total TCA‐soluble nitrogen in supernatant 

Total nitrogen in 20g of feather meal
 × 100,                             (1) 

          

3.3 Results 

The influence of enzyme level (X1), sodium sulfite level (X2), and digestion buffer to FeM 

ratio (X3) on the DH using the Protease A and Protease B are described in Table 3.1. Protease B had 

a greater hydrolyzing capacity than Protease A as highlighted by a higher DH at every run number 

containing enzyme (Table 3.1). Comparison of the group means of DH between the two enzymes by 
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least squares means contrast revealed a significant difference (P < 0.001) in the hydrolyzing capacity 

between the two proteases.  Maximum DH for Protease A and Protease B (23.2% and 45.1% 

respectively) were achieved with 3% of protease (%FeM w/w), 3% of sodium sulfite (%FeM w/w), 

and 500% of water (%FeM w/w). 

Variance analysis (ANOVA) was used to evaluate the adequacy of the proposed models and 

to identify the significant factors (Table 3.2 and Table 3.3). The two analysis of variance (Tables 3.2 

and Table 3.3) established that the models are statistically valid with P < 0.001. As depicted by the 

two ANOVA tables (Table 3.2 and Table 3.3), the linear effect of enzyme level and of sodium sulfite 

level along with the interaction effect between the two were substantially higher than other effects (P 

< 0.0001) establishing that these are the most significant factors affecting the DH. The quadratic 

effects of both water level and enzyme level presented a very high effect (P < 0.001) in the two 

models. The quadratic effect of the sodium sulfite level did not have a significant (P < 0.05) effect in 

both models. 

The DH for both enzymes have been modeled by keeping significant factors (P < 0.05) in the 

following equations: 

DH (Protease A) = 7.00 + (2.22 • X1) – (0.59 • X2) + (1.61 ×10-2 • X3) – (0.83 • X12) – (2.29 × 10-5 • 

X32) + (0.93 • X1 • X2) + (2.55 × 10-3 • X1 • X3) + (2.51 × 10-3 • X2 • X3)                                                            (2) 

DH (Protease B) = 1.88 + (11.44 • X1) – (0.50 • X2) + (4.77×10-2 • X3) – (3.37 • X12) – (7.10 × 10-5 • 

X32) + (1.96 • X1 • X2) + (6.16 × 10-3 • X1 • X3) + (6.21 × 10-3 • X2 • X3)                                                            (3) 

The polynomial prediction equation for the DH of Protease A (Eq. 2) had a R2 = 0.912, an 

adjusted R2 = 0.904 and a P < 0.0001, while the prediction equation for the DH of Protease B (Eq. 3) 

had a R2 = 0.941, an adjusted R2 = 0.936 and a P < 0.0001. The adjusted R2 implies that 90.4% and 
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93.6% of the behaviour variation of the DH for Protease A and Protease B, respectively can be 

explained by the fitted model.  

The analysis of the two models revealed that the optimal parameters required obtain the 

highest DH with both proteases (22.5% and 44.4% for Protease A and B respectively) were: 3% of 

protease (%FeM w/w), 3% of sodium sulfite (%FeM w/w), and 500% of water (%FeM w/w). This 

combination of parameters in the model is identical to the one promoting to the highest experimental 

responses with both proteases. 

The effect of sodium sulfite loading on DH for each enzyme level at different buffer levels is 

depicted in Figure 3.1 A (200%), B (350%) and C (500%). The hydrolysis curves show the 

importance of the significant effect of the interaction of the enzyme level and sodium sulfite level on 

DH (p<0.0001), illustrating that the addition of sodium sulfite at any given enzyme level enhanced 

the hydrolytic capacity of both proteases more than the increase in enzyme loading alone. For 

instance, increasing X1 from 1% to 3% (i.e run 18 vs. 20, Table 3.1) increased DH by 2.3% and 4.4% 

for Protease A and B respectively while raising X2 by 1.5% (i.e. run 18 vs. 22, Table 3.1) increased 

DH by 3.8% and 8.8% for Protease A and B. On the other hand, the degree of hydrolysis in runs 

containing sodium sulfite only (no protease in the mixture), were merely higher than those without 

both, sodium sulfite and enzyme (i.e. run 1 vs. 9 Table 3.1).  

 

3.4 Discussion 

The present study is, to our knowledge, the first published one investigating the possibility of 

improving the nutritive value of FeM through a hydrolytic pre-treatment involving the use of a 

protease along with a chemical reductant. In this research effort, FeM protein was successfully 

hydrolyzed. This indicates that the method developed by Eslahi et al. (2013) who extracted keratin 
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from wool and feathers by an enzymatic treatment along with a reducing agent, may also be applicable 

to our purpose. Protease source, enzyme loading, reducing agent concentration, and digestion buffer 

level all affected the extent to which FeM was hydrolyzed. 

Several studies on the hydrolysis of proteins from fish by-products with commercial proteases 

reported a concomitant increase of DH values with the enzyme:substrate (E:S) ratio (Guerard et al. 

2002, Normah et al. 2005). This phenomenon is due to the fact that greater enzyme concentrations 

provide more active sites available to hydrolyze the substrate (Liaset et al. 2002). However, a non-

linear relation between the enzyme concentration and DH is depicted in each graph of Figure 3.1 by 

a decreasing distance between the trend lines within each group of protease.  DH was not expected to 

rise in a linear fashion with the increase of protease level since proteolytic activity is limited by the 

availability of susceptible peptide bonds to hydrolysis. Beyond a certain magnitude of enzyme 

concentration, the gain in DH should converge to a level at which, further addition of protease would 

be regarded as excessive and, thus, a waste of enzyme (Liaset et al. 2002). Another explanation for 

this phenomenon was proposed by Diniz and Martin (1996), who suggested that at a high 

concentration, the protease could hydrolyse itself, and consequently, induce a decrease in proteolytic 

activity. Such excessive enzyme level of enzyme concentration was not reached in the current 

experiment.  

Increasing digestion buffer level had a positive effect on the degree of hydrolysis. Similarly, 

Surowka and Fik (1994) observed that higher levels of water in mixtures containing poultry by-

products and protease, promoted enzyme homogeneity, substrate swelling and reduced the localized 

concentration of hydrolysis products. Overall, greater improvements in DH were observed when the 

water level was increased from 200% to 350% (%FeM w/w) than from 350% to 500% (%FeM w/w). 

This is in agreement Benjakul and Morrissey (1997) who optimized the condition of hydrolysis of 
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whiting solid wastes using the commercial proteases Alcalase and Neutrase. They observed no 

significant change in the solubilisation of fish by-products when hydrolyzed with the protease 

Alcalase at a digestion buffer level greater than 300% (%substrate w/w). 

Protease B presented a significantly greater (P < 0.0001) hydrolytic capacity than Protease A. 

Differences in keratinolytic activity were previously reported between enzymes immobilized from 

microorganism of the same kingdom but not, to our knowledge, between microorganism of different 

kingdoms. Ramnani and Gupta (2007) in their attempt to solubilize feathers using proteases in 

combination with reducing agents, noted differences in keratinolytic capacities between Savinase® 

and subtilisin, two enzymes immobilized from bacteria of Bacillus species. Those investigator 

reported that Savinase® and subtilisin degraded 96% and 91% respectively of raw feathers when in 

the presence of sodium sulfite. It should be noted that Ramnani and Gupta (2007) did not optimize 

the incubation pH and temperature for those two enzymes as recommended by the manufacturers, 

potentially biasing the comparison in keratynolytic efficiency between the two commercial bacterial 

proteases. In our study, pH and temperatures of incubation were adjusted accordingly to the optimums 

recommended by the manufacturers for each protease. Therefore, the differences in keratinolytic 

efficacy observed between the two proteases may be attributable to other factors than incubations 

conditions such as differences in enzyme purity, enzymatic activity or affinity of the enzyme for the 

substrate (Wong and Cheung 2009, Silva et al. 2014).  

In this study, minor increases in DH were observed with increasing levels of enzyme and 

sodium sulfite when used independently. However, light addition of sodium sulfite dramatically 

increased the enzymatic capacity of both proteases. This is in agreement with Yamamura et al. (2002) 

who reported that a protease, and a disulphide reductase isolated from a keratin-degrading bacterium 

found in deer fur did not show keratinolytic activity when used independently. They observed that the 
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two enzymes together showed a keratinolytic activity of more than 50-fold greater than that of the 

protease only. Our results are in accordance with the mechanistic concept proposed by multiple 

authors whereas a reducing agent (disulphide reductase or chemical reductant), in our case sodium 

sulfite, enhance the decomposition of keratin by rupturing the disulphide bridges, and thus facilitating 

the access of the proteases to the peptide bonds (Yamamura et al. 2002, Ramnani and Gupta 2007, 

Eslahi et al. 2013).   

According to the models, the optimal condition for maximum FeM hydrolysis with the two 

proteases was attained by using 3% (w/w) of enzyme, 3% (w/w) of sodium sulfite, and a 500% (w/w) 

of water. It must be noted that from an economic standpoint, the level of added enzyme and water are 

decisive factors affecting the cost of the process (Surowka and Fik 1994, Shahidi et al. 1995). Indeed, 

protease cost is a critical consideration in commercial operation and, therefore, its use shall be 

minimized (Kristinsson and Rasco 2000). Moreover, increased water inclusion involves greater 

thermo-energetic input costs for maintaining the digestion buffer to optimum temperature, for 

inactivating enzymes at the end of the incubation, and for drying the sludge into a powdered form 

which can be incorporated into feed formulations (Deeslie and Cheryan 1988).  

Our results suggested that the level of sodium sulfite is a limiting factor to the enzyme capacity 

to hydrolyse FeM. Considering that the price per ton of sodium sulfite is substantially lower than of 

commercial enzymes, it is highly advantageous to maximise the inclusion of sodium sulfite while 

minimizing presence the protease. One mole of sodium sulfite reacts with one mole of cysteine and 

the molar mass of sodium sulfite (126.04 g/mol) is about half of that of cystine (242.32g /mol). Given 

that FeM contains approximately 3.8% of cysteine (as is basis), adding 2% of sodium sulfite to the 

mixture should in theory be sufficient to reduce all of the disulphide bonds content. Lower enzyme 

levels could be used with longer incubation time. Several studies investigating the kinetics of the 
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hydrolysis of fish by-products showed that equivalent DH were reached at low enzyme levels for 

prolonged time of incubation and at high protease inclusion for a short period of hydrolysis. 

(Kristinsson and Rasco 2000, Guerard et al. 2002). It must be noted that a prolonged period of 

incubation involves a greater input of energy to maintain the mixture to optimal temperature. Based 

on these observations, an extensive economic analysis investigating the cost-effectiveness of various 

pre-treatments conditions should be regarded prior to consideration to scale up of this process.   

 

3.5 Conclusion 

 The objective of this study was to develop a pre-treatment to improve the nutritive value of 

FeM through enzymatic incubation along with a reducing agent. In our study, the pre-treatment 

enabled to solubilize up to 45% of nitrogen in FeM (Table 3.1). The addition sodium sulfite to the 

incubation mixture promoted the chemical reduction of the disulphide bridges and substantially 

unlocked the capacity of enzymes to hydrolyse FeM. The efficacy of the pre-treatment to improve the 

nutritive value of FeM in practical animal diets should be systematically investigated through 

digestibility and bioavailability trials with livestock species such as fish, poultry and swine. If proven 

efficient, the pre-treatment could enable a substantial increase in the incorporation of FeM in animal 

feeds. 
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Table 3.1 - Actual levels of independent variables along with the observed values for the 

response variables, degree of hydrolysis for the Protease A and B. 

 

Run Independent Variables   Degree of Hydrolysis (%) 

Number X11 X22 X33   Protease A4 Protease B4 

1 0 0 200  9.5 ± 0.36 9.3 ± 0.14 

2 1 0 200  10.9 ± 0.32 16.1 ± 0.71 

3 2 0 200  11.3 ± 0.33 17.3 ± 0.48 

4 3 0 200  11.6 ± 0.10 18.5 ± 0.42 

5 0 1.5 200  9.5 ± 0.19 9.7 ± 0.33 

6 1 1.5 200  12.6 ± 0.05 22.4 ± 1.09 

7 2 1.5 200  13.9 ± 0.41 25.7 ± 0.80 

8 3 1.5 200  14.4 ± 0.77 27.1 ± 0.31 

9 0 3 200  9.4 ± 0.74 9.8 ± 0.51 

10 1 3 200  13.5 ± 0.70 27.4 ± 1.32 

11 2 3 200  16.0 ± 0.87 31.2 ± 0.37 

12 3 3 200  16.8 ± 0.84 32.9 ± 0.60 

13 0 0 350  9.4 ± 0.16 9.4 ± 0.30 

14 1 0 350  11.1 ± 0.29 17.0 ± 0.22 

15 2 0 350  11.5 ± 0.21 18.7 ± 0.13 

16 3 0 350  12.0 ± 0.27 21.2 ± 0.59 

17 0 1.5 350  9.6 ± 0.27 10.2 ± 0.31 

18 1 1.5 350  13.8 ± 0.04 27.4 ± 0.57 

19 2 1.5 350  15.1 ± 0.64 30.7 ± 0.68 

20 3 1.5 350  16.1 ± 0.08 31.8 ± 1.56 

21 0 3 350  10.6 ± 0.28 10.3 ± 0.38 

22 1 3 350  17.6 ± 0.76 36.2 ± 0.39 

23 2 3 350  20.7 ± 1.16 40.1 ± 0.25 

24 3 3 350  21.8 ± 1.16 43.5 ± 1.62 

25 0 0 500  9.7 ± 0.44 10.0 ± 0.42 

26 1 0 500  11.5 ± 0.36 18.6 ± 0.06 

27 2 0 500  11.5 ± 0.22 20.4 ± 0.76 

28 3 0 500  12.4 ± 0.25 22.0 ± 0.82 

29 0 1.5 500  10.3 ± 0.35 10.2 ± 0.08 

30 1 1.5 500  14.0 ± 0.27 28.8 ± 0.79 

31 2 1.5 500  15.4 ± 0.17 30.5 ± 0.76 

32 3 1.5 500  17.3 ± 0.55 33.2 ± 0.37 

33 0 3 500  10.1 ± 0.27 10.7 ± 0.28 

34 1 3 500  17.4 ± 0.65 38.3 ± 1.85 

35 2 3 500  20.4 ± 0.28 39.3 ± 1.68 

36 3 3 500   23.2 ± 0.22 45.1 ± 1.62 
1 X1=Enzyme level (%FeM w/w) 
2 X2=Sodium sulfite level (%FeM w/w) 
3 X3=Water level (%FeM w/w) 
4 Data are means (n=3) ± Standard deviation. 
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Table 3.2 - ANOVA table of DH as affected by enzyme level, sodium sulfite 

level, water level during response experiment using Protease A. 

Source DF 
Sum of 

Squares 
F Ratio P-value 

Model 9 1384.91 115.99 <0.0001 

X1: Enzyme Level 1 544.71 410.58 <0.0001 

X2: Sodium Sulfite Level 1 455.78 343.54 <0.0001 

X3: Water Level 1 96.09 72.43 <0.0001 

X12 1 75.00 56.83 <0.0001 

X22 1 4.03 3.04 0.0843 

X32 1 96.09 7.38 0.0311 

X1*X2 1 174.48 131.52 <0.0001 

X1*X3 1 13.20 9.95 0.0021 

X2*X3 1 15.27 11.51 0.0010 

Residual 98 130.02 1.33  
Correlation total 107 1514.93     
Y= 7.13 + (2.22 • X1) – (1.14 • X2) + (1.61×10-2 • X3) – (0.83 • X12) + (0.18 • X22) – (2.29×10-

5 • X32) + (0.93 • X1 • X2) + (2.55×10-3 • X1 • X3) + (2.51×10-3  • X2 • X3) 

R2 = 0.914, R2 adjusted = 0.906 
 

 

  



 

45 

 

 

Table 3.3 - ANOVA table of DH as affected by enzyme level, sodium sulfite 

level, water level during response experiment using Protease B. 

Source DF 
Sum of 

Squares 
F Ratio P-value 

Model 9 11718.33 176.09 <0.0001 

X1: Enzyme Level 1 5565.90 752.75 <0.0001 

X2: Sodium Sulfite Level 1 3459.98 467.94 <0.0001 

X3: Water Level 1 443.33 59.96 <0.0001 

X12 1 780.70 105.58 <0.0001 

X22 1 6.48 0.88 0.3515 

X32 1 61.31 8.29 0.0049 

X1*X2 1 1230.06 166.36 <0.0001 

X1*X3 1 76.93 10.40 0.0017 

X2*X3 1 93.64 12.66 0.0006 

Residual 98 724.617 7.39 
 

Correlation total 107 12442.949 
  

Y=1.02 + (11.44 • X1) + (0.20 • X2) + (4.77×10-2 • X3) – (3.37 • X12) – (0.23 • X22) – (7.10×10-

5 • X32) + (1.96 • X1 • X2) + (6.16×10-3 • X1 • X3) + (6.21×10-3 • X2 • X3) 

R2 = 0.942, R2 adjusted = 0.936 
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Figure 3.1 - Graph showing the effect of sodium sulfite level on DH for every 

enzyme inclusion level at three different water levels: 200%, 350% and 500% for 

A, B and C, respectively. 
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CHAPTER 4: ASSESSING THE BIOAVAILABILITY OF ARGININE AND 

DIGESTIBILITY OF AMINO ACIDS IN TWO FEATHER MEALS AND IN 

THEIR PRE-TREATED COUNTERPARTS IN RAINBOW TROUT 

(Oncorhynchus mykiss) 

 

Abstract 

 Feather meal (FeM) is a low-cost ingredient with high-protein content, making it a convenient 

ingredient for animal feeds, especially for aquaculture diets which are generally formulated with 

>30% protein. However, feed industry stakeholders along with several studies indicated that the 

digestibility of crude protein (CP) in FeM is highly variable, making precise formulation of animal 

diets with significant levels of this ingredient difficult to accomplish. FeM consists of keratin, a 

protein highly cross-linked with disulphide bonds, which with hydrogen bonds hold polypeptides 

together in recalcitrant structures extremely resistant to digestion. To facilitate the digestibility of this 

ingredient by animals, we have previously developed a pre-treatment aimed at cleaving its disulphide 

bridges and peptide bonds with a reducing agent (sodium sulfite) and a commercial protease. During 

the pre-treatment, sodium sulfite disrupts disulphide bonds, resulting in the protein keratin unfolding 

and exposure of peptide bonds, which enables peptic cleavage by protease. Results showed that the 

pre-treatment could efficiently hydrolyze FeM as demonstrated by a markedly high degree of 

hydrolysis of FeM. 

 In the current study, we assessed the effect of this pre-treatment on the bioavailability of 

arginine (Arg) and on the digestibility of amino acids of two FeMs. The FeMs were incubated in 

200% distilled water (%FeM w/w), with 0.05% of a commercial protease (%FeM w/w) and 2% 

sodium sulfite (%FeM w/w) at 55ºC for 24 hours in a shaking incubator and lyophilized. The relative 

bioavailability of Arg in two FeMs and their pre-treated counterparts (PTFeMs) were compared with 
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that of crystalline L-arginine (L-Arg) in an 8-week growth trial with rainbow trout. An Arg deficient 

(1.2% Arg) basal diet was formulated and ten other diets were formulated to contain 1.35% or 1.5% 

Arg by adding increasing amounts of L-Arg, FeMs, or PTFeMs. Increased Arg bioavailability of the 

PTFeMs significantly (P<0.05) supported higher growth rates and Arg retention efficiency than their 

untreated counterparts. The same diets were used in a digestibility trial. The diets formulated with 

PTFeMs presented significantly (P<0.05) higher apparent digestibility coefficients of protein and 

amino acids when compared to the diets containing the FeM counterparts. The results from this study 

demonstrate the potential of our pre-treatment to improve the nutritive value of FeMs in rainbow trout. 
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4.1 Introduction 

In 2013, 8.6 billion chickens were raised and processed in the USA, which represents 23.2 

million tons of chicken live weight (USDA 2013). Considering that feathers represent from 5 to 7% 

percent of chicken body weight, we can estimate that 1.4 million tonnes of feathers are generated 

annually by the United States, and 7.7 million tonnes globally (Williams et al. 1991, USDA 2013, 

FAO-Stats 2015) . Of those feathers, a small fraction is recycled by the composite and textile industry, 

while the vast majority is processed along with other keratin animal by-products (i.e. hog hair, hooves, 

horns, etc.) into feather meal (FeM), a cost-effective feed ingredient with high protein content (75 – 

85% as is) (Woodgate 2006, Huda and Yang 2009). In 2013, only 617 thousand tons of FeM was 

produced in the USA, implying that more than to half of the national chicken feathers production were 

incinerated or buried in landfills (Marcondes et al. 2008, Jin et al. 2011, Swisher 2015). Bearing in 

mind the nearly 7.7 million tons of global chicken feather production annually, it is evident that an 

important amount of valuable protein which could be used for animal feeds is disposed of. 

 Raw feathers, just like hair, nails, wool, horns and claws contain around 90% crude protein 

(CP) and are composed of keratin, a structural protein that is indigestible in its natural state (Mangold 

and Dubiski 1930, Moran et al. 1966, Latshaw et al. 1994, Chen et al. 2012). Keratin is rich in 

cysteine, an amino acid that forms strong disulphide bridges with other cysteine molecules, and 

together with hydrogen bonds tightly package polypeptides in a filamentous structure extremely 

resistant to gastric solvents and proteolytic enzyme (Fraser et al. 1972, Wrzesniewska-Tosik and 

Adamiec 2007). 

Steam-hydrolysis is the most common method used to transform keratin into digestible 

material. The first step involves exposing raw keratin to high moisture pressure and heat. Such 

conditions promote the rupture of disulphide bridges, peptide linkages, and hydrogen bonds, allowing 



 

50 

 

peptides to become digestible and amino acid absorbable. The hydrolyzed feathers are ground and 

dried into a fine brown powder called FeM, which is rich in arginine (Arg), cysteine and threonine, 

but deficient in methionine, lysine, histidine and tryptophan. 

The chemical composition, notably the high digestible protein and amino acid content of FeM 

makes it a highly convenient ingredient for animal diets, especially for fish feeds, which generally 

contain high (> 30%) protein levels (Bureau et al., 1999). However, negative perceptions exist in the 

aquaculture feed industry about this ingredient. Anecdotal evidence among feed industry stakeholders 

along with an important numbers of studies report that the composition and digestibility of FeM are 

extremely variable, making precise feed formulation to accomplish difficult. Studies reported 

apparent digestibility coefficient (ADC) of crude protein (CP) in rainbow trout ranging from 58 to 

93% in rainbow trout (Cho et al. 1982, Sugiura et al. 1998, Bureau et al. 1999, Cheng et al. 2004, 

Glencross 2011) Such variability of the ADC of CP in FeM is the result of the use of different raw 

materials, commercial processing systems, as well as processing pressure, temperature and time by 

renderers (Papadopoulos et al. 1985, Latshaw et al. 1994, Poppi 2009).  

In Chapter 3, we attempted to develop a pre-treatment for FeM to resolve the issues associated 

with the high variability in CP digestibility in this ingredient and to improve its nutritive value. The 

pre-treatment aimed at cleaving the many chemical bonds present in FeM in order to facilitate the 

digestion of peptides and absorption of amino acids of the ingredient by animals. The pre-treatment 

consisted of incubating FeM in the presence of a reducing agent, namely sodium sulfite along with 

commercial protease. Reducing agents such as sodium sulfite disrupt disulphide bonds in keratin, 

unfolds the protein structure, and exposes peptide bonds. This phenomenon enables the protease to 

cleave the peptide bonds contained within keratin and to break down its structure in small peptides 

and amino acids (Bockle and Muller 1997, Yamamura et al. 2002, Ramnani and Gupta 2007). Under 
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optimum condition, the pre-treatment solubilized up to 45% of nitrogen contained in FeM (Chapter 

3). 

It is unknown if the pre-treatment improves the nutritional value of FeM. Indeed, the pre-

treatment may hydrolyze chemical bonds that would be naturally cleaved by gastric solvents and 

enzymes during digestion by animals and, thus, may not affect the ADC of CP and amino acids in 

FeM. Moreover, ADC is a measure of disappearance of nutrients through the gastrointestinal tract of 

animals and does not give indications on the levels of absorbed nutrient usable for peripheral 

metabolism and growth (termed bioavailability) (Stein et al. 2007). Studies suggested that exposure 

of keratin biomass to high heat during the cooking and drying steps of FeM processing promotes 

racemization of amino acids from D to L-form (Papadopoulos et al. 1985, Shirley and Parsons 2000). 

The D-forms of most essential amino acids, are either unavailable or considerably less available than 

the natural L-form for the peripheral metabolism and growth of animals (Baker and Boebel, 1981). A 

test diet was previously developed in our laboratory by Poppi et al. (2011) to assess the bioavailability 

of Arg FeM in rainbow trout using a slope ratio assay. FeM is rich in Arg, and its dietary concentration 

in diets can be manipulated by incremental inclusion into an Arg deficient diet. Poppi et al. (2011) 

fed to rainbow trout diets formulated to contain graded levels of Arg provided by FeM or crystalline 

L-arginine (L-Arg), and growth parameters were measured. The responses of the fish to increasing 

levels of Arg were fitted with regression lines, and the slope of responses of the fish fed diets with 

FeM were compared to those fed diets with L-Arg. Using a similar basal diet and slope ratio assays, 

(Chowdhury 2012) successfully compared the bioavailability in Arg between different ingredients 

(i.e. Indian mustard protein concentrate, Indian mustard protein meal, and soy protein concentrate) in 

rainbow trout. Consequently, the slope ratio assay method may be a suitable to assess the effect of 

our enzymatic pre-treatment on the bioavailability of test amino acids (Arg) in FeM in rainbow trout. 
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The objectives of the current study were therefore, to assess the effect of the pre-treatment 

developed in Chapter 3 on the bioavailability in Arg and on the apparent digestibility of amino acids 

in FeM in rainbow trout.       

  

4.2 Materials and Methods 

4.2.1 Feather Meals 

The FeMs (FeM1 and FeM2) used in this study were obtained from two different local 

rendering plants. The two FeM were constituted of a mixture of steam-hydrolysed hog hair, chicken 

feathers, hooves and horns. The chemical composition of FeM1 and FeM2 are described in Table 4.1.  

 

4.2.2 Diet Formulation 

A basal diet was formulated (Diet 1, Table 4.2) to be deficient in Arg (1.2%  Arg). This basal 

diet was similar to those used by Cho et al. (1992), Poppi et al. (2011), and Chowdhury et al. (2013), 

but contained additional synthetic essential amino acids. Ten other diets were formulated with 

increasing levels of Arg  (1.35% and 1.5% Arg) provided through incremental inclusion of 4 test 

ingredients (FeM1, FeM2, PTFeM1, PTFeM2) or crystalline L- Arg (98.5% pure; USB Corporation, 

OH, USA) (Table 4.3). The proximate composition and amino acid profile of the 11 experimental 

diets are presented in Table 4.2. All diets were formulated to meet all known nutrient requirements 

(except Arg) of rainbow trout according to the National Research Council (NRC 2011) 

recommendations.  
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4.2.3 Enzymatic Treatment of Feather Meal 

Five hundred grams of FeM were mixed with 2L distilled water (1:2 FeM:Water) and 2% 

sodium sulfite (%FeM w/w) in 3-litre plastic containers (B350-Urisafe®, Simport, Saint-Mathieu-de-

Beloeil, QC, Canada). The hydrolysis process was performed in a shaking incubator (G25, New 

Brunswick Scientific, Enfield, CT, USA) set at 55ºC and 200rpm. The enzymatic hydrolysis was 

initiated by adding 0.5% (%FeM v/w) of the commercial bacterial enzyme used in Chapter 3. 

Following 24h of hydrolysis, the enzyme was inactivated by heating the mixture to 90ºC for 5 minutes 

in a microwave oven. The slurries resulting from the pre-treatment of FeM1 and FeM2 were named 

“pre-treated feather meal 1” (PTFeM1) and “pre-treated feather meal 2” (PTFeM2), respectively. 

 

4.2.4 Diet Preparation 

Ingredients were weighed separately and mixed into a mash using a Hobart mixer (Hobart Ltd, 

Don Mills, ON, Canada). The mash of diets containing PTFeM (Diet 6, 7, 10, and 11) were dried 

overnight under forced-air at 60 ºC and processed with a Tasin TS-108 meat grinder (Ta Shing Food 

Machineries Co. Ltd, Taichung, Taiwan) prior to pelletizing. All diets were pelleted using a laboratory 

scale steam pellet mill (California Pellet Mill, San Francisco, CA, USA). The pellets were dried 

overnight under forced-air at room temperature, sieved to appropriate size and stored at room 

temperature until used. 

 

4.2.5 Fish and Experimental Conditions 

4.2.5.1 Growth Trial 

Rainbow trout (Oncorhynchus mykiss) fingerlings were obtained from the Alma Aquaculture 

Research Station of the University of Guelph (Elora, ON, Canada). The fish were acclimated to the 
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experimental conditions for two weeks before commencing the trial. During that period, fish were fed 

a commercial trout diet (Martin Mills Feeds, Elmira, ON, Canada).  

Groups of ten juvenile fish (22.8 ± 0.6g initial body weight) were allocated to 33 rectangular 

fiberglass tanks (50l). Each of the 11 diets was randomly assigned to three tanks. The tanks were 

individually aerated and provided with a water flow rate of 1.5 l/min rate. The water temperature of 

the semi-recirculated system was maintained to approximately 15 ºC by manually adjusting the 

renewal of fresh make up water. A photoperiod regime of artificial light was maintained at 12 h light: 

12 h dark by a digital timer.  The aquatic system was equipped with feces settling columns (Guelph 

System) as described by Cho et al. (1982).  

Throughout the 8-week experimental period, fish were hand-fed to apparent-satiety three times 

daily on weekdays and once a day on weekends. Feed intake was recorded weekly, and weight gain 

every 4 weeks. On the first day of the trial, a sample of ten fish was sacrificed by overdose of an 

anesthetic (MS-222) for initial carcass composition and kept at -20 ºC until analyzed. The same 

procedure was repeated at the end of the trial for final carcass composition, using 5 randomly selected 

fish per tank. The fish were treated in accordance with the guidelines of the Canadian Council on 

Animal Care (Canadian Council on Animal Care 1984) and the University of Guelph Care Committee. 

 

4.2.5.2 Digestibility Trial 

Rainbow trout juveniles were obtained from the same source as in the bioavailability trial. The 

fish were adapted to the experimental housing for a seven-day period, during which they were fed a 

high-quality commercial diet (Profishient, Martin Mills Feeds, Elmira, ON, Canada).  

Forty-four fish with an average body weight of 8.6 g were randomly allocated in each tank of 

the aquatic system described above. The water temperature of the system was maintained at 14ºC and 
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the velocity of the water flow adjusted to minimize settling of the feces in the drainpipe and maximize 

recovery of the feces in the settling column. The fish were held under artificial light, with a 

photoperiod regime of 12 h light: 12 h dark. 

Each experimental diet was randomly allocated to a collection unit. The juveniles were 

acclimated to their experimental diet for four days before starting the first feces collection period. One 

fecal sample per diet was collected over the first 3-week period. The experimental diets were 

randomly re-allocated to new collection units for the second 3-week period during which, one 

additional fecal sample per diet was collected. 

The fish were fed to near satiety twice daily between 0900 and 1600 h. One hour after the last 

daily meal, feed residues and feces were removed from the aquatic system by brushing out the 

drainpipes and settling columns. One third of the water in the tanks was drained to ensure that the 

cleaning procedure was complete. Before the first daily feeding on the following day, the settled feces 

and surrounding water were gently withdrawn from the base of the settling column into 250ml Sorvall 

bottles (Sorvall® Intruments, Wilmington, DE, USA). The fecal samples were centrifuged at 

4000rpm for 15 min (Eppendorf Centrifuge 5810R, Eppendorf AG, Hamburg, Germany), and the 

supernatant discarded. At the end of the trial, the fecal samples were lyophilized, ground and stored 

at -20 ºC until analysis. 

 

4.2.6 Chemical Methods 

Diets, fish carcasses and fecal samples were analyzed for proximate analysis.  Dry matter 

(DM) and ash content according to AOAC (1995). Nitrogen was analyzed by macro-Kjeldahl method 

(AOAC 1995) using a Kjeltec protein analyzer (Model #8200, Tecator, Hoganas, Sweden). Crude 

protein (CP) was calculated as N × 6.25 and gross energy (GE) calculated as described by Cho et al. 
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(1982). Lipids were analyzed by petroleum ether extraction using an ANKOM XT-20 analyzer 

(ANKOM Technology, Macedon, NY). Yttrium oxide content of experimental diets and feces was 

analyzed in a contracting laboratory (Laboratory Services Division, University of Guelph, ON, 

Canada) using inductively coupled plasma optical emission spectroscopy technique (ICP-OES). 

Amino acid compositions (without cysteine, methionine and tryptophan) were determined after acid 

hydrolysis through Ultra performance liquid chromatography (UPLC, Waters corporation, Millford, 

CA, USA) according to AOAC 982.30 mod (AOAC 1995).  

 

4.2.7 Calculations 

Growth rate (thermal unit growth coefficient, TGC), was calculated for each tank as follow: 

TGC = 100×[(FBW1/3−IBW1/3)×(∑ (Temp (ºC)× Number of days)]  

where FBW and IBW are the final and initial body weight of the fish (g). 

 Feed efficiency (FE, gain:feed) for each tank was determined as: 

FE = Live body weight gain/dry feed intake 

where feed intake (FI, g DM/ fish) = total dry feed (g)/ number of fish; live body weight gain (g) = 

(FBW/ final number of fish)−(IBW/ initial number of fish). 

Retained nitrogen (RN, g/fish) was assessed as: 

RN = (FBW×N contentfinal)−(IBW×N contentinitial) 

where N contentfinal and N contentinitial are the final and initial nitrogen content of the fish (g/fish). 

 Retained energy (RE, g/fish) was measured as: 

RE = (FBW×GE content final)−(IBW×GE content initial) 

where GE contentfinal and GE contentinitial are the final and initial energy content of the fish (kJ/fish). 
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Nitrogen retention efficiency (NRE) for each tank was calculated as a ratio of ingested 

nitrogen (% IN):  

NRE = [[(FBW× N contentfinal)−(IBW× N contentinitial)]/IN]×100 

Energy retention efficiency (ERE, % IE) was measured as a ratio of ingested energy (IE, 

kj/fish): 

ERE = [[(FBW×GE contentfinal) − (IBW×GE contentinitial)]/IE]×100 

  Amino acid retention efficiency (AARE) for was calculated as a ratio of ingested amino acid 

(% IAA): 

AARE = [[(FBW×AA content final) − (IBW×AA content initial)]/IAA]×100 

where AA content final and AA content initial are the final and initial amino acid content of the fish 

(g/fish). 

 The ADC for the proteins and amino acids of the diets was calculated according to (Cho et al. 

1982) as follow: 

ADC = 1 − (F/D x Di/Fi) 

where D = % nutrient of diet, F = % nutrient of feces, Di = % digestion indicator of diet (Y2O3), Fi = 

% digestion indicator of feces (Y2O3). 

 

4.2.8 Statistical Analysis 

Determination of the significance of the linear responses to graded level of Arg for each source 

were assessed using non-orthogonal polynomial contrasts (PROC GLM, SAS Version 9.2; SAS Insti- 

tute, Cary, NC, USA) with a Bonferroni adjusted significance level of P < 0.0125. 
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Group means of feed intake, weight gain, TGC, FE, RN, RE, NRE, ERE, AARE, proximate 

composition as well as ADCs of proximate components, energy and EAAs for each treatment were 

subjected to ANOVA using PROC MIXED of SAS according to the following model: 

𝑌𝑖𝑗𝑘 = μ +  𝑆𝑜𝑢𝑟𝑐𝑒𝑖 +  𝐴𝑟𝑔𝑖 +  𝑆𝑜𝑢𝑟𝑐𝑒𝑖 × 𝐴𝑟𝑔𝑖 +  ε𝑖𝑗𝑘  𝑌𝑖𝑗𝑘   

where μ = overall mean, 𝑆𝑜𝑢𝑟𝑐𝑒𝑖= fixed effect of source (i = 1 to 5), 𝐴𝑟𝑔𝑖 = fixed effect of Arg (i = 

1 to 3), and εijk = residual error.  

Least-squares treatment means were separated within each Arg level using the pdiff option of 

SAS when overall treatment P < 0.05.  

 

4.3 Results 

4.3.1 Growth Performance 

 Feed intake, live weight gain, growth rate (TGC) and feed efficiency of fish fed the 

experimental diets are reported in Table 4.4. Figure 4.1 illustrates feed intake (A), live weight gain 

(B) and TGC (C) values of fish in response to being fed increasing inclusion levels of dietary Arg 

from five different sources. All growth performance parameters with the exception of feed efficiency, 

increased with increasing levels of synthetic L-Arg. Feed intake, weight gain and TGC increased until 

1.35% Arg in fish receiving FeM2, PTFeM1 or PTFeM2 dietary treatment and decreased at 1.5% 

Arg. Fish receiving the FeM1 dietary treatment exhibited growth performances that were inversely 

concomitant to the Arg content of the diets. 

The source of dietary Arg had a significant effect on feed intake (P < 0.001), weight gain (P 

< 0.001) and TGC (P < 0.001). The level of Arg also had a significant effect on feed intake (P < 0.05), 

weight gain (P < 0.01) and TGC (P < 0.05).  
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Maximum growth parameters were associated with the PTFeM2 diet with 1.35% Arg (Diet 

10).  Fish fed Diet 10 exhibited significantly (P < 0.05) higher feed intake and weight gain than those 

fed 1.35% Arg-containing diets from other sources. Fish fed Diet 9 with 20% FeM2 presented 

significantly (P < 0.05) greater feed intake, weight gain and growth rate values than those fed Diet 5 

with 20% FeM1. Both, low and high-Arg diets containing PTFeM2 (Diet 10 and 11) promoted 

significantly (P < 0.05) higher feed intake, weight gain, and TGC than those formulated with PTFeM1 

(Diet 6 and 7). An increased in TGC (P < 0.05) was observed in fish fed diets containing 10% PTFeM1 

(Diet 7) when compared to those fed 10% FeM1 (Diet 5). Moreover, fish fed diets with 10% PTFeM2 

(Diet 10) exhibited significantly (P < 0.05) improved feed intake, weight gain, and TGC when 

compared to those fed diets with 10% FeM2 (Diet 8). 

 No common growth performance parameter increased linearly (P < 0.0125) in all treatments 

with increasing of levels of Arg. 

 

4.3.2 Retained Nutrients and Retention Efficiencies 

 Results for retained nitrogen (RN), recovered energy (RE), nitrogen retention efficiency 

(NRE), energy retention efficiency (ERE), and retention efficiency of nine essential amino acids for 

the eleven experimental diets are presented Table 4.5 and 4.6. Retained nitrogen (a), recovered energy 

(b) and Arg retention efficiency (c) responses of fish to being fed diets containing increasing levels 

of Arg from the five sources (Figure 4.2) displayed similar trends to those observed for feed intake, 

live weight gain and TGC performance parameters (Figure 4.1). 

 The source of dietary Arg had a significant effect on RN (P < 0.001), RE (P < 0.001) and NRE 

(P < 0.05). It also had a significant effect on the retention efficiency of Arg (P < 0.001), Lys (P < 

0.05), Phe (P < 0.05), Tyr (P < 0.05), Thr (P < 0.05) and Val (P < 0.05). The source of Arg had a 
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significant effect on RN (P < 0.05) as well as on the retention efficieny of Arg (P < 0.001), Leu (P < 

0.05) and Tyr (P < 0.01). There was a significant interactive effect of dietary Arg level and source on 

RN (P < 0.05) and RE (P < 0.05). 

 At high Arg level, FeM2 (Diet 9) supported significantly greater (P < 0.05) RN, RE, and Arg 

retention efficiency than FeM1 (Diet 5). Similarly, rainbow trout fed diets with 1.5% Arg supplied 

from PTFeM2 (Diet 11) exhibited significantly higher (P < 0.05) RN, RE and Arg retention efficiency 

that those fed diets containing the same level of Arg provided by PTFeM1 (Diet 7). The pre-treatment 

significantly improved (P < 0.05) Arg, Tyr and Phe retention efficiency of FeM1 at 1.35% Arg and 

the RN and RE of FeM2 at 1.5% arg.  

No common retained nutrient or nutrient retention efficiency parameter increased linearly (P < 

0.0125) amongst all treatments with increasing of levels of Arg. 

 

4.3.3 Apparent Digestibility 

 ADC of proximate components and GE in the eleven experimental diets are reported in Table 

4.7 and the ADC of EAAs in Table 4.8.  

 The source of Arg had a significant effect on the ADC of CP (P < 0.001), lipid (P < 0.01), ash 

(P < 0.001) and GE (P < 0.05) as well as on the ADC of all 9 essential amino acids (P < 0.001). The 

Arg level had a significant effect on the ADC of CP (P < 0.01), and of all EAAs (P < 0.05) 

 The L-Arg treatment presented significantly (P < 0.05) greater ADC of CP and lipid when 

compared to both untreated FeMs at 1.35% (Diet 2 vs. Diet 4 and Diet 2 vs. Diet 8, Table 4.7) whereas 

only ADC of CP was significantly (P < 0.05) superior in L-Arg at 1.5% Arg (Diet 3 vs. Diet 5 and 

Diet 3 vs. Diet 9, Table 4.7). Similarly, the ADCs of most EAAs were significantly (P < 0.05) higher 

in L-Arg than FeM1 and FeM2 at 1.35% and 1.5% Arg (FeM1 and FeM2 vs L-Arg at 1.35 and 1.5% 
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Arg, Table 4.8). The pre-treatment significantly improved the ADC of CP of FeM1 (at 1.35% Arg) 

and FeM2 (at 1.35% and 1.5% Arg) to levels that were not significantly different from L-Arg. Pre-

treating both FeMs resulted in PTFeMs with significantly (P < 0.05) higher ADC of CP and of most 

EAAs than their original untreated counterparts (FeM1 vs. PTFeM1 and FeM2 vs. PTFeM2 at 1.35 

and 1.5% Arg, Table 4.6 and 4.7.). 

 The digestible amino acid composition (% diet DM) of the 11 experimental diets used in the 

two trials is presented in Table 4.9. Digestible essential amino acid contents (except Arg) in all the 

experimental diets were in excess of NRC (2011) essential amino acid requirements. Arg was the first 

limiting amino acid in all 11 diets. 

 

4.3.4 Proximate Composition 

 The results from proximate analysis of pooled carcass samples are presented in Table 4.10. 

Protein and ash content of fish carcasses were not influenced by the treatments (Table 3.4).   

Rainbow trout receiving diets with 1.35% Arg supplied by L-Arg (Diet 2) presented 

significantly (P < 0.05) different carcass moisture and GE content when compared to the fish 

receiving  1.35% Arg diets with FeM1 (Diet 4). Fish fed high-Arg diets with L-Arg (Diet 3) exhibited 

significantly (P < 0.05) different moisture and GE content than those receiving high-Arg diets with 

those receiving PTFeM1 (Diet 7).  A significant (P < 0.05) difference in GE content was observed at 

1.5% Arg between fish receiving the L-Arg treatment (Diet 3), and those fed the FeM1 treatment 

(Diet 5). 

No common proximate component increased linearly (P < 0.0125) among all treatments with 

increasing of levels of Arg. 
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4.4 Discussion 

4.4.1 Effect of Arginine Level on Fish Response and on the Apparent Digestibility of Diets 

 To our knowledge, this study is the first investigating the effects of an enzymatic pre-treatment 

involving the use of a protease along with sodium sulfite on the bioavailability in Arg, and the 

digestibility of amino acids in FeMs in animals. Unfortunately, no common performance parameter 

increased linearly (P < 0.0125) among all treatments making slope ratio assay unsuitable to compare 

bioavailability between different Arg sources in this trial (Littell et al. 1997). For this reason, the 

bioavailability in Arg between sources was only compared within Arg levels.  

 Weight gain and TGC increased in a linear fashion with increasing dietary supplementation 

levels of L-Arg. These results confirm that the basal diet was deficient in Arg and that the Arg levels 

in the high-Arg diets did not exceed the requirement for maximum weight gain, which, according to 

the NRC (2011) is estimated to be 1.5% (as is basis) for rainbow trout. The Arg retention efficiency 

was the greatest at 1.35% Arg in fish fed diets supplemented with L-Arg. This is in agreement with 

previous dose-response studies with lysine or threonine in Atlantic smolts, where maximum retention 

efficiencies of the amino acids in question were situated at 75-80% of their respective requirements 

(Grisdale-Helland et al. 2011, Helland and Grisdale-Helland 2011). The retention efficiency of all 

EAAs but Arg increased concomitantly with incremental dietary L-Arg, which demonstrates that Arg 

was the only limiting amino acid; a decline in the retention efficiency of one of those other EAAs 

would have occurred if any had become limiting. 

 At the 1.35% Arg level, feed intake, weight gain, and TGC performances of rainbow trout fed 

the diets containing 10% PTFeM2 were significantly higher (P < 0.05) than those fed diets with the 

L-Arg (Diet 2) despite their equal digestible Arg content (1.3%). Several studies showed that fish can 

better utilize dietary amino acids from protein-bound sources for growth than from crystalline sources 
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(Zarate et al. 1999, El-Haroun and Bureau 2007, Poppi et al. 2011, Chowdhury et al. 2013). It was 

proposed that the lower utilization of synthetic amino acids was due to nutrient leaching and to 

catabolism of free amino acids that are more rapidly absorbed than protein-bound amino acids 

(Yamada et al. 1981, Murai et al. 1987, Zarate and Lovell 1997, Zarate et al. 1999, Ambardekar et al. 

2009). However, this phenomenon does not explain why other FeM-containing diets with identical 

digestible Arg content promoted growth performances inferior or equivalent to those supported by 

Diet 2. 

 Maximum growth response occurred with the PTFeM2 diet formulated to contain 1.35% Arg 

(Diet 10). The significantly superior (P < 0.05) growth performances promoted by Diet 10 when 

compared to Diet 4 and Diet 8, two other diets containing 1.35% Arg, may be partially attributable to 

differences in digestible Arg content. Indeed, Diet 10 contained 1.3% digestible Arg (DM basis), 

whereas, Diet 4 and Diet 8 both contained 1.2% digestible Arg (DM basis). Still, other factors must 

have contributed to the significant differences in bioavailability observed between Diet 10 and 6 

(PTFeM2 and PTFeM1 at 1.35% Arg) because they both contained 1.3% digestible Arg. Differences 

in bioavailability (P < 0.05)  between Diet 10 and 6 may be attributable to differences in palatability, 

racemized amino acids content, CLAA content, and cysteine content between the FeMs. Those factors 

may have a larger impact on fish performance in 20%-FeM diets than in 10%-FeM diets explaining 

the general decrease in performance associated with high-FeM content in the diets. The potential 

effects of those factors on growth performance in fish are discussed below. 

 It was noted that FeM1 and PTFeM1 were strikingly more pungent than FeM2 and PTFeM2, 

emanating strong sulfur and scorched smells. Since at 1.5% Arg, fish receiving FeM1 and PTFeM1 

exhibited a significantly lower (P < 0.05) feed intake, weight gain, TGC and RN than those receiving 

FeM2 and PTFeM2 respectively, it is possible that FeM1 and PTFeM1 had lower palatability, 
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hindering feed intake and consequently growth performance. Several studies exploring the potential 

of FeM as a substitute for fishmeal in practical fish diets reported a decline in feed intake with 

increasing levels of dietary FeM (Arunlertaree and Rakyuttithamkul 2006, Chor et al. 2013, Suloma 

et al. 2014). Those investigators partially attributed this depression in feed intake and, thus, in growth 

performance, to an impairment of diet palatability in high-FeM diets caused by the pungent smell of 

the ingredient (Arunlertaree and Rakyuttithamkul 2006, Chor et al. 2013, Suloma et al. 2014). It 

appears plausible that in our study, similar palatability issues negatively affected the voluntary feed 

intake and growth performances of fish fed the high-FeM and PTFeM diets.      

 The scorched smell detected in FeM1 and PTFeM1 may also be indicative of heat damage of 

the amino acid content in the ingredients. Several studies demonstrated that treatment of protein at 

high temperatures can cause racemization of L to D-amino acids (D-AAs) that may be unavailable for 

metabolism (Hayase et al. 1975, Friedman et al. 1981, Schwass and Finley 1984, Lewis et al. 1995). 

The level of bioavailability of D-arginine (D-Arg) in fish is still unknown but was shown to be 

completely unavailable to rats and chicks (Baker and Boebel, 1981). It is possible that the Arg content 

in FeM1 and PTFeM1 was subject to a greater extent of racemization than in FeM2 and PTFeM2 

during processing. Such a phenomenon could explain the significant (P < 0.05) differences in 

bioavailability observed between the two FeMs and the between the two PTFeMs at 1.5% Arg. 

Racemization of L to D-Arg during pre-treatment may also explain why fish receiving diets 

containing 1.35% Arg provided by the FeMs responded better than those receiving diets formulated 

to contain 1.5% Arg. For instance, FeM1 provided 0.57% Arg (as is) in Diet 4 and the rest of the 

combined ingredients present in the diet provided a total of 0.84% Arg (as is). In Diet 5, FeM1 

provided 1.14% Arg (as is) and the remaining combined ingredients present in the diet provided 

0.41% Arg (as is). If for example, 40% of the Arg content of FeM1 was racemized to D-Arg, while 
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the totality of the Arg content of the other combined ingredients was under L-form, we could estimate 

the total L-Arg in Diets 4 and 5 to be 1.18% and 1.10% (as is) respectively. This decrease in L-Arg 

intake would explain the decrease of performance in fish receiving the 1.5% Arg treatments provided 

by either of the FeMs despite the increased digestible Arg content measured in the diets.  

 Heat treatment also promotes the formation of cross-linked amino acids in protein sources. 

Lysinoalanine (LAL), ornithinoalanine (OAL) and β-aminoalanine (BAL) are three cross-linked 

amino acids (CLAAs) formed during the thermal and/or alkali treatment of keratin and were shown 

to be toxic to rats (Corfield et al. 1967, De Groot et al. 1976, Feron et al. 1978, Karayiannis et al. 

1979, Boschin et al. 1999, Koleva et al. 2009). The amount of dietary LAL required to induce kidney 

lesions in rats varies largely between studies, protein types (protein-bound vs free), the protein sources 

(feed ingredient), and rat strains. For instance, De Groot et al. (1976) reported 100 ppm of dietary 

synthetic lysinoalanine caused nephrocytomegaly in Wistar rats, where 6000 ppm of LAL from alkali-

treated casein or soybean protein did not have any negative impact. Later, Karayiannis et al. (1979) 

induced kidney lesion in rats with 1370 – 2630 ppm of dietary LAL provided by alkali-treated soy 

protein in Sprague-Dawley and Wistar rats, while 4970 ppm of dietary LAL from alkali-treated 

lactalbumin only induced minimal karyomegaly in Sprague-Dawley rats. Feron et al. (1978) reported 

that 1000 ppm of dietary synthetic OAL induced growth retardation and kidney lesions in rats, while 

3000 ppm of dietary synthetic BAL only caused growth retardation. To our knowledge, the 

detrimental effects of dietary LAL, OAL, and BAL have not been assessed in fish. Neither the levels 

of those CLAAs been reported in FeMs. Differences in toxic CLAA levels may have been responsible 

for the significant differences in performance observed among FeMs and PTFeMs at 1.5% Arg. Also, 

the presence of toxic CLAAs could also be responsible for the reduced growth performance observed 

when increasing FeM inclusion level from 10% to 20%. 
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 Studies have shown that imbalances of amino acid in fish diets can depress feed intake and 

reduce growth performance (Mambrini and Kaushik 1995, Davies and Morris 1997, Green and Hardy 

2002). Yamamoto et al. (2000) demonstrated that when allowed self-selection, rainbow trout could 

discriminate between diets with balanced and imbalanced amino acid profiles, and they showed a 

preference for nutritionally adequate diets. FeM is by far richer in cysteine (~3.8% as is) than any of 

the other protein sources used to formulate the diets in this study (1.1% in corn gluten meal, 1,4% in 

spray-dried blood meal and 1.7% in wheat gluten meal according to NRC (2011) and Storebakken et 

al. (2000). It is possible that an imbalance associated with cysteine supply occurred when increasing 

the FeM inclusion levels from 10% to 20%. Kim et al. (1992) showed that dietary cysteine can replace 

42% of the methionine requirement on a molar sulfur basis in rainbow trout. The formulated cysteine 

level of the 20%-FeM diets was 1.3% (as is), which is almost five times the amount of dietary 

methionine it can spare in rainbow trout (~ 0.25% of diet as is). To our knowledge the repercussion 

of such high levels of dietary cysteine on aquatic species have not been investigated. However, several 

studies reported that excessive dietary cysteine can cause growth reduction or acute lethality in chicks, 

pigs and rats (Harper et al. 1970, Dilger et al. 2007, Dilger and Baker 2008). In our study, fish may 

have sensed the substantial amount of cysteine in the high-FeM diets (Diet 5, 7, 9, 11), interpreted it 

as an amino acid imbalance in feed, and adjusted their feed consumption accordingly. 

 At the 1.5% Arg level, weight gain and TGC of fish receiving diets containing 20% FeM1, 

FeM2, PTFeM1 and PTFeM2 were numerically lower than those receiving diets with 10% of the 

respective test ingredients (at the 1.35% Arg level). Poppi et al. (2011) fed to rainbow trout similar 

diets containing increasing levels of Arg provided by steam-hydrolysed FeM and observed similar 

effects. Indeed, they reported that growth performances were compromised when increasing the level 

of FeM beyond 12% of total diet composition. In a follow-up experiment, supplementing an 18%-
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FeM diet with a mixture of synthetic EAA enhanced growth performance, suggesting that one or more 

amino acids other than Arg were deficient in high-FeM diets. The present study does not support this 

hypothesis because Arg was demonstrated to be, on a digestible basis, the first limiting digestible 

amino acid in all of the 11 diets formulated. 

 The ADC of proteins in the diets slightly decreased with increasing inclusion levels of FeMs 

or of PTFeMs for 10% to 20%. These results imply that the ADC of protein of the four test ingredients 

(FeM1, FeM2, PTFeM1, PTFeM2) were inferior than the combined average ADC of the other protein-

bound sources used to formulate the diets. In agreement with this observation, studies previously 

reported the ADC of crude protein in wheat gluten meal, corn gluten meal, spray dried blood meal 

and FeM to be 97%, 96%, 95% and 81-87%, respectively, in rainbow trout (Pfeffer and Henrichfreise 

1994, Cho and Bureau 1997, Bureau et al. 1999). The ADC in Arg was largely impaired by the 

increment of inclusion level of FeM1, PTFeM1, and FeM2. It is noteworthy that the ADC of Arg in 

diet 11 was greater than in diet 10 because it illustrates that the pre-treatment improved the ADC of 

Arg in FeM2 to a level greater than the combined average ADC of Arg in the other protein-bound 

sources that were included in the diets. 

 

4.4.2 Effect of the Pre-treatment on the Digestibility and Bioavailability of the Feather Meals 

 The effect of an enzymatic pre-treatment on the bioavailability and digestibility of two FeMs 

of different origins was assessed in this study. The pre-treatment significantly improved (P < 0.05) 

the TGC, Arg, Phe, and Tyr retention efficiency of FeM1 at 1.35% Arg. It has also significantly 

enhanced (P < 0.05) feed intake, weight gain and TGC of FeM2 at 1.35% Arg as well as RN and RE 

at 1.5% Arg. This improvement in Arg bioavailability is most likely to be in part the result of the 

significant (P < 0.05) improvement of ADC of Arg induced by the pre-treatment. This last observation 
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is in line with the results obtained by El-Haroun and Bureau (2007) who reported a relationship 

between the lysine bioavailability of different blood meals and the relative ADC of CP.   

 Protein hydrolysates are well-reputed for their palatability-enhancing properties in aquafeeds. 

The stimulatory effect of hydrolysates on fish feed intake and consequently on growth performance 

has been well documented in the literature. (Carvalho et al. 2004, Refstie et al. 2004, Kotzamanis et 

al. 2007, Chotikachinda et al. 2013, Ho et al. 2014). In their study, Gomes et al. (1995) and Berge and 

Storebakken (1996), observed that partial replacement of fishmeal with fish hydrolysate stimulated 

growth in salmonids through an increased feed intake. Those authors suggested this phenomenon to 

be the result of an attractant effect caused by free amino acids released by the enzymatic hydrolysis 

process.  In the present study, fish were fed to apparent satiety and PTFeM2 supported a significantly 

greater feed intake (P < 0.05) than FeM2 at 1.35% Arg. This response indicates that the improved 

growth performance in fish fed the PTFeMs may be partly due to an enhanced palatability of the 

ingredient caused by the pre-treatment.   

Protein hydrolysates are well-recognized sources of bioactive peptides with antioxidative, 

antihypersensitive, immunomodulatory and antimicrobial properties (Rutherfurd-Markwick and 

Moughan 2005). Studies conducted on fish species including Atlantic salmon, large yellow croaker 

and red seabream demonstrated that protein hydrolysates made from marine by-products (fish, 

shrimp, and krill  by-products) improved growth performance by enhancing stress resistance and 

immunity (Gildberg et al. 1995, Tang et al. 2008, Bui et al. 2014, Khosravi et al. 2015). Based on the 

limited reports available in the literature, keratin derived protein hydrolysates also possesses similar 

functional properties. A few reports demonstrated that keratin hydrolysates produced through 

enzymatic hydrolysis or bacterial fermentation showed strong in vitro antioxidative and 

antihypersensitive properties (Ohba et al. 2003, Fakhfakh et al. 2011, Fontoura et al. 2014, Wan et al. 
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2016). Fakhfakh et al. (2012) evaluated the effect of a fermented feather hydrolysate and of regular 

FeM on the oxidative status of rats. Interestingly, addition of 2.5% and 5% of FeM hydrolysate to the 

control diet induced a significant reduction in the thiobarbituric acid reagent substances (TBARS) and 

in antioxidant enzymes activities. In contrast, the addition of 2.5% FeM increased TBARS and 

antioxidant enzymes activities. The enhanced growth performance observed in the fish receiving the 

PTFeM treatments may partly be attributable to the functional properties of bioactive peptides 

released during the enzymatic pre-treatment of the FeMs. Whether FeMs have stress-inducing effects 

and PTFeMs, have stress-relieving properties for fish remains unknown and needs to be clarified in 

future trials.  

 The pre-treatment significantly improved the digestibility of CP (P<0.05) in both FeMs at 1.35 

and 1.5% Arg. The findings are in contradiction with those from Serwata (2007), Laporte (2007), and 

Davies et al. (2009), who reported no statistically significant difference in protein digestibility 

between enzyme-treated FeMs and steam-hydrolyzed FeMs in rainbow trout, European sea bass, gilt-

head seabream, and turbot. Disparities between processing methods are most likely responsible for 

contrasting outcomes. In those studies, poultry feathers were ground and heated to 50°C with enzyme 

cocktails containing amylase, cellulase, phytase, xylanase, beta glucanase, pectinase and protease for 

15 to 30 minutes. Following the enzyme hydrolysis, the feathers were autoclaved for 15 to 30 minutes. 

Studies demonstrated that the presence of reducing agents or disulphide reductase is required to enable 

proteolytic enzymes to hydrolyze raw keratin into peptides and amino acids (Bockle and Muller 1997, 

Yamamura et al. 2002, Ramnani and Gupta 2007). Accordingly, it seems unlikely that enzymatic 

digestion performed prior to hydrothermal degradation in the experiments of Serwata (2007), Laporte 

(2007), and Davies et al. (2009) significantly hydrolyzed the structure of the raw keratin and improved 

the digestibility of the final product. Logically, a protease may be more effective at hydrolysing 
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protein within which the chemical structure that has been weakened by prior treatment (steam-

hydrolysis in our case). Moreover, it was demonstrated in Chapter 3 that the reducing agent sodium 

sulfite drastically improved the capacity of a protease to hydrolyse FeM. Based on those observations, 

we conclude that our enzymatic pre-treatment was more efficient than those tested by Serwata (2007), 

Laporte (2007), and Davies et al. (2009) to hydrolyze keratin its structural components (peptides and 

amino acids) and, thus, to maximize its nutritional value in fish.   

 

4.5 Conclusion 

 The objective of this study was to evaluate the effect of a novel pre-treatment on the 

bioavailability of Arg and the ADC of amino acids in FeM. The pre-treatment was found to 

significantly increase the bioavailability of Arg of FeM. Furthermore, the pre-treatment was shown 

to significantly improve the ADC of protein and of amino acids in the two ingredients. 

 Results from this study indicated significant differences in bioavailability between the two 

FeMs and between the two PTFeMs and that those differences were not attributable to their relative 

digestible amino acid content. The basis of these differences remains unidentified. Determination of 

factors affecting the bioavailability of FeM would improve prediction of the nutritive value of this 

feed ingredient. 

 Fish showed greater growth performance when fed Arg-deficient diets containing 10% FeM 

than when fed diets with 20% FeM and adequate levels of amino acids. This finding suggests that 

factors unrelated to the amino acid content of FeM hinder growth performance in fish provided diets 

with high inclusion levels of this ingredient. Characterizing these factors and resolving the issues 

associated with them would facilitate formulation of more economical aquafeeds with high-FeM 

content.  
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Table 4.1 - Proximate chemical composition, gross 

energy, essential amino acid profiles of the tested 

feather meals (as is basis). 

    Feather meals 

    FeM 1 FeM 2 

Proximate composition (as is)   

 Dry matter (%) 95.3 90.2 

 Crude Protein (%) 80.9 77.2 

 Lipid (%) 9.7 5.9 

 Ash (%) 1.9 4.4 

 Gross energy (kJ/g)1 23.2 20.8 

    
Essential amino acids (% as is)   

 Arginine 5.7 5.6 

 Histidine 0.7 0.8 

 Isoleucine 3.8 3.4 

 Leucine 6.5 6.2 

 Lysine 1.7 2.1 

 Threonine 3.8 3.6 

 Phenylalanine 4.0 3.7 

 Tyrosine 3.4 3.0 

  Valine 5.7 5.1 
1Calculated values. 
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Table 4.2 - Ingredients composition of the diets (g/kg-1 diet). 

Ingredients  

(g/kg-1 diet) 
Diet 

1 

Diet 

2 

Diet 

3 

Diet 

4 

Diet 

5 

Diet 

6 

Diet 

7 

Diet 

8 

Diet 

9 

Diet 

10 

Diet 

11 

Skim milk powder 255 255 255 250 250 250 250 250 250 250 250 

Corn gluten meal 220 220 220 110 70 110 70 110 70 110 70 

FeM1 - - - 100 200 - - - - - - 

PTFeM1 - - - - - 100 200 - - - - 

FeM2 - - - - - - - 100 200 - - 

PTFeM2 - - - - - - - - - 100 200 

Blood meal 50 50 50 65 30 65 30 65 30 65 30 

Corn starch 85 83.5 82 110 130 110 130 110 130 110 130 

Wheat gluten 100 100 100 75 30 75 30 75 30 75 30 

Fish oil 180 180 180 180 180 180 180 180 180 180 180 

Vitamin premix1 10 10 10 10 10 10 10 10 10 10 10 

Amino acid 

premix2 20 20 20 20 20 20 20 20 20 20 20 

L-Arginine - 1.5 3 - - - - - - - - 

Lysine (BioLys®) 35 35 35 35 35 35 35 35 35 35 35 

DL-Met 

(MetAmino®) 5 5 5 5 5 5 5 5 5 5 5 

Mineral premix3 10 10 10 10 10 10 10 10 10 10 10 

Ca(H2PO4)2 30 30 30 30 30 30 30 30 30 30 30 

Total (g) 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 
1 Provides per kg of diet: Retinyl acetate (vit. A), 75mg; Cholescalciferol (vit. D), 60mg; dl-a-tocopherol-acetate (vit. 

E), 300mg; Menadione Na-bisulfate (vit. K), 1.5mg; Cyanocobalamine (vit. B12), 30mg; Ascorbic acid monophosphate, 

300mg; Biotin, 210mg; choline chloride (chloride, 50%), 15mg; D-calcium pantothenate, 32.6mg; pyrodpxone-HCL 

(vit. B6), 7.5mg; Riboflavin (vit. B2), 9mg; Thiamin-HCL (vit. B1), 1.5mg; Caro-Pink (Astaxanthin), 500mg. 

2 Provides per kg of diet: L-Cystine, 1600mg; L-Tryptophan, 2133mg; L-Threonine, 2133mg; L-Isoleucine, 3200mg; 

L-Histidine, 4533mg; L-Valine, 2133mg; L-Phenylalanine, 2133mg; L-Tyrosine, 2133mg. 
3 Provides per kg: sodium chloride (NaCl, 39% Na, 61% Cl), 3077mg; potassium iodide (KI, 24% K, 76%I), 10.5mg; 

ferrous sulphate (FeSO4-H20, 20% Fe),65mg; manganese sulphate (MnSO4, 36% Mn), 88.9mg; zinc sulphate (ZnSO4-

H2O, 40% Zn), 150mg; copper sulphate (CuSO4-H20, 25% Cu), 28mg; yttrium oxide, 100mg. 
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 Table 4.3 - Nutrient and gross energy, and essential amino acid (EAA) composition of the test diets (DM basis). 

  Diet Diet Diet Diet Diet Diet Diet Diet Diet Diet Diet 

    1 2 3 4 5 6 7 8 9 10 11 

Proximate composition            

 Dry matter (%) 95.2 94.3 95.4 94.0 95.4 95.7 95.3 96.0 94.9 95.2 94.4 

 Crude Protein (%) 39.8 40.4 41.0 40.9 40.3 40.4 40.3 39.8 40.3 40.4 39.8 

 Lipid (%) 20.5 19.6 20.2 19.8 20.7 20.1 21.8 20.3 21.1 20.6 21.4 

 Ash (%)  7.3   7.2  7.3    6.7   7.0   9.2   8.3   6.9   7.2   8.2   8.2 

 Gross energy (kJ/g)1 22.9 22.8 22.9 22.9 23.0 22.5 23.1 22.9 23.1 22.8 23.0 

             
Essential amino acids2  

 Arginine 1.21 1.34 1.48 1.36 1.52 1.35 1.52 1.36 1.49 1.34 1.51 

 Histidine 1.71 1.69 1.70 1.51 1.25 1.46 1.19 1.56 1.42 1.50 1.39 

 Isoleucine 1.65 1.64 1.59 1.62 1.55 1.64 1.60 1.61 1.72 1.60 1.70 

 Leucine 3.80 3.75 3.79 3.30 3.23 3.25 3.16 3.46 3.32 3.42 3.34 

 Lysine 2.82 2.83 2.84 2.65 2.64 2.77 2.71 3.20 3.20 3.20 3.14 

 Methionine+ Cysteine1 2.00 2.00 2.00 2.16 2.32 2.16 2.32 2.16 2.32 2.16 2.32 

 Phenylalanine 2.51 2.57 2.52 2.27 2.26 2.18 2.21 2.22 2.25 2.21 2.23 

 Tyrosine 2.00 2.05 1.98 1.70 1.78 1.68 1.65 1.72 1.77 1.71 1.76 

 Threonine 1.40 1.41 1.37 1.45 1.38 1.44 1.35 1.53 1.67 1.49 1.65 

 Tryptophan1 0.60 0.60 0.60 0.58 0.53 0.58 0.53 0.58 0.53 0.58 0.53 

  Valine 2.07 2.01 2.02 2.30 2.44 2.25 2.39 2.37 2.36 2.26 2.23 
1Calculated values. 
2Methionine, cysteine and tryptophan were not analysed. 
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Table 4.4 - Feed intake, growth and feed efficiency ratio of rainbow trout1 fed the experimental diet for 

8 weeks. Values are mean (n = 3). 

 
Source Feed intake Gain TGC 

Feed 

efficiency 

    (gDM/fish) (g/fish) (%) Gain/feed 

1.2% Arginine           

    Diet 1 - 74.9 74.3 0.211 0.99 

1.35% Arginine      

    Diet 2 L-Arg           81.4b      79.4b       0.220bc  0.98 

    Diet 4 FeM1           72.0b      70.4b       0.200c  0.98 

    Diet 6 PTFeM1           83.0b      80.4b       0.223ab  0.97 

    Diet 8 FeM2           80.5b      78.3b       0.220bc  0.97 

    Diet 10 PTFeM2         100.4a      91.7a       0.243a  0.91 

1.5% Arginine      

    Diet 3 L-Arg           86.1a      85.5a       0.233a  1.00 

    Diet 5 FeM1           59.4c      57.0d       0.177d  0.96 

    Diet 7 PTFeM1           71.6bc      67.1cd       0.197cd  0.93 

    Diet 9 FeM2           76.6ab      72.5bc       0.207bc  0.95 

    Diet 11 PTFeM2           88.2a      81.8ab       0.223ab  0.96 

    S.E.M.2  2.15 1.81 0.0034 0.0072 

      

Effect (P-value)      

    Source   ˂0.001 ˂0.001 ˂0.001 NS 

    Arg Level  <0.05 <0.01 ˂0.05 NS 

    Source × Arg Level  NS NS NS NS 
1Initial body weight of 22.8g. 
2Pooled standard error (n = 36) of a mean of all diets. 

Note: Different letters denote significant differences (P ≤ 0.05); responses with no notations mean no differences among 

the diets. 
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Table 4.5 - Retained nitrogen (RN), recovered energy (RE), nitrogen retention efficiency (NRE), and 

energy retention efficiency (ERE) of rainbow trout1 fed the experimental diet for 8 weeks. Values are 

mean (n = 3). 

 Source RN RE NRE ERE  

    g/fish kj/fish % IN %IE 

1.2% Arginine           

    Diet 1 - 1.8 615.5 38.2 35.8 

1.35% Arginine      

    Diet 2 L-Arg      2.1a       702.2a 43.0 a 38.0 a 

    Diet 4 FeM1      1.7b       542.1b 39.4 ab 32.9bc 

    Diet 6 PTFeM1      1.9ab       666.1ab 37.7 ab 35.7ab 

    Diet 8 FeM2      1.9ab       629.9ab 39.6 ab 33.9abc 

    Diet 10 PTFeM2      2.3a       646.9ab 36.8 b 30.6c 

1.5% Arginine      

    Diet 3 L-Arg      2.2a       736.0a 39.5 37.5a 

    Diet 5 FeM1      1.4c       437.3c 37.6 31.8b 

    Diet 7 PTFeM1      1.7bc       492.3bc 35.7 29.8b 

    Diet 9 FeM2      1.9b       599.1b 38.8 34.5ab 

    Diet 11 PTFeM2      2.0a       734.0a 35.0 32.0 b 

S.E.M.2  0.047 19.59 0.45 0.55 

      

Effect (P-value)      

    Source   ˂0.001 ˂0.001 <0.05 0.01 

    Arg Level  <0.05 NS NS NS 

    Source × Arg Level  <0.05 NS NS NS 
1Initial body weight of 22.8g.     
2Pooled standard error (n = 36) of a mean of all diets.  
Note: Different letters denote significant differences (P ≤ 0.05); responses with no notations mean no differences among the 

diets. 
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Table 4.6 - Amino acid retention efficiency of rainbow trout1 fed the experimental diet for 8 weeks, expressed as a 

percentage of amino acid intake (%AAI). Values are mean (n = 3). 

  Source Arg His Ile Leu Lys  Phe Tyr Thr Val 

1.2% Arginine          
Diet 1 - 62.0 26.7 41.1 25.6 33.3 24.0 24.6 40.3 31.8 

1.35% Arginine          
Diet 2 L-Arg 70.4a 33.2 46.1 29.8 34.8 ab 28.8 ab 29.8bc 42.7  36.8 a 

Diet 4 FeM1 55.4b 28.7 37.8 26.7 30.5 ab 24.9 b 27.0c 34.2 24.8 b 

Diet 6 PTFeM1 67.1a 38.1 44.9 34.5 35.7 a 34.3 a 36.9a 45.3  32.0 ab 

Diet 8 FeM2 63.2ab 34.1 41.9 30.5 26.7 b 33.2 a 35.5a 39.8 27.6 b 

Diet 10 PTFeM2 70.4a 38.5 48.8 34.6 34.7 ab 34.2 a 36.5ab 45.9  33.7 ab 

1.5% Arginine          
Diet 3 L-Arg 64.0 a 34.7 48.2  31.5  37.7 a 30.3 a 31.9 a 51.6 a 37.3 a 

Diet 5 FeM1 40.4c 29.6 37.3  24.0  26.7 b 22.3 b 23.5 b 32.2 b 21.8 b 

Diet 7 PTFeM1 46.7 bc 34.4 37.0  27.4  28.2 b 26.4 ab 29.5 ab 37.5 b 23.0 b 

Diet 9 FeM2 57.9 a 32.6 39.3  29.4  27.3 b 28.6 ab 30.3 ab 33.4 b 27.8 b 

Diet 11 PTFeM2 53.8 ab 33.5 40.4  29.5  29.7 ab 28.3 ab 29.8 ab 36.1 b 29.8 ab 

S.E.M.2 1.82 0.93 1.14 0.77 1.01 0.90 0.96 1.46 1.16 

          
Effect (P-value)          

    Source  <0.001  NS  NS  NS  NS <0.05 <0.05 <0.05 <0.01 

    Arg Level <0.001  NS  NS <0.05  NS <0.05 <0.01   NS   NS 

    Source × Arg Level    NS  NS  NS  NS  NS   NS   NS   NS   NS 
1Initial body weight of 22.8g         
2Pooled standard error (n = 36) of a mean of all diets.     
Note: Different letters denote significant differences (P ≤ 0.05); responses with no notations mean no differences among the diets. 
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Table 4.7 - ADC of nutrients and gross energy in the twelve experimental diets fed to rainbow 

trout. Values are mean (n = 2). 

 

 
Source 

Dry 

Matter 

Crude 

Protein 
Lipid Ash 

Gross 

Energy 

    % % % % kj/g 

1.2% Arginine     

Diet 1 - 77.3 93.9 83.0 52.3 81.6 

1.35% Arginine       

Diet 2 L-Arg      77.3 93.7a 83.4a    50.4b 81.7 a 

Diet 4 FeM1      74.1 91.4b 73.1c     51.0b 77.0 b 

Diet 6 PTFeM1      78.6 94.6a 81.8ab     56.8a 82.1 a 

Diet 8 FeM2      75.1 90.8b  76.9bc     47.9b 78.5 ab 

Diet 10 PTFeM2      78.8 94.6a 83.4a     57.9a 82.7 a 

1.5% Arginine       

Diet 3 L-Arg   78.3 94.2a 83.2 a     53.6bc 82.4 a 

Diet 5 FeM1   74.4 89.6c 78.2 ab     54.9ab 77.9 b 

Diet 7 PTFeM1   74.8 92.0b 74.0 b     44.2d 78.2 ab 

Diet 9 FeM2   75.2 88.2c 78.2 ab     50.6c 78.6 ab 

Diet 11 PTFeM2   76.6 93.4ab 79.6ab     59.1a 80.2 ab 

S.E.M.1  0.47 0.46 0.90 0.95 0.52 

       

Effect (P-value)       

    Source  NS <0.001 <0.01 <0.001 <0.05 

    Arg Level NS <0.01 NS NS NS 

    Source × Arg Level NS NS <0.05 <0.001 NS 
1Pooled standard error (n = 12) of a mean of all diets.     
Note: Different letters denote significant differences (P ≤0.05); responses with no notations mean no differences 

among the diets. 
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 Table 4.8 - ADC of amino acids in the twelve experimental diets fed to rainbow trout (%AAI). Values are mean (n = 2). 
 

 

 Source      Arg    His    Ile     Leu      Lys     Phe Tyr Thr     Val 

1.2% Arginine          

Diet 1 - 94.6 96.8 94.7 92.8 98.1 95.7 95.4 94.0 95.0 

1.35% Arginine          

Diet 2 L-Arg 95.4a 97.0 a 95.3ab 93.3b 98.2a   95.5ab 95.6ab 94.6a 94.9a 

Diet 4 FeM1   91.1ab 96.1b 93.2b   92.1bc 97.0b 94.6b 94.5bc 90.6bc 90.8b 

Diet 6 PTFeM1    95.2a  97.4 a 96.0a 95.5a 97.9a 97.0a 96.7a 94.3a 91.8a 

Diet 8 FeM2 87.8b  96.2 b 93.1b 93.6c 97.0b 94.3b 93.4c 89.1c 91.9b 

Diet 10 PTFeM2 93.7a   96.8 ab 95.8a 91.6a 98.1a 96.3a 96.2a 93.7ab 95.6a 

1.5% Arginine          

Diet 3 L-Arg 96.0a 97.0a 95.0b 93.4a 98.3a 95.4ab 95.5a 94.5a 95.0a 

Diet 5 FeM1 84.9b 96.3a 93.5c 94.4b 95.7d 93.8b 93.6b 84.8c 86.6c 

Diet 7 PTFeM1 92.2a 96.5a 94.9b 93.2a 96.9b 95.3ab 94.5ab 90.4ab 91.4b 

Diet 9 FeM2 82.2b 95.2b 91.3d 89.0c 96.3c 91.9c 91.3c 86.8c 88.1c 

Diet 11 PTFeM2 94.6a 96.4a 95.9a 94.7a 98.0a 96.1a 95.6a 93.1ab 95.2a 

S.E.M.1      1.03 0.13 0.50     0.41      0.18      0.31   0.33   0.74     0.67 

          

Effect (P-value)          

    Source  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

    Arg Level <0.05 <0.05 <0.05 <0.05 <0.001 <0.05 <0.01 <0.05 <0.001 

    Source × Arg Level NS NS NS NS <0.05 NS NS  NS <0.05 
1Pooled standard error (n = 12) of a mean of all diets.       
Note: Different letters denote significant differences (P ≤ 0.05); responses with no notations mean no differences among the diets. 
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Table 4.9 - Digestible amino acid composition (% diet DM) of the experimental diets 

used in the two trials compared to estimates of amino acid requirements of rainbow trout.  

 

. 

  

Diet Arg His Ile Leu Lys 
Met + 

Cys1 

Phe + 

Tyr 
Thr Val Trp1 

1 1.1 1.7 1.6 3.5 2.8 1.9 4.3 1.3 2.0 0.6 

2 1.3 1.6 1.6 3.5 2.8 1.9 4.4 1.3 1.9 0.6 

3 1.4 1.6 1.5 3.5 2.8 1.9 4.3 1.3 1.9 0.6 

4 1.2 1.5 1.5 3.0 2.6 2.0 3.8 1.3 2.1 0.5 

5 1.3 1.2 1.4 3.0 2.5 2.1 3.8 1.2 2.1 0.5 

6 1.3 1.4 1.6 3.1 2.7 2.0 3.7 1.4 2.1 0.5 

7 1.4 1.1 1.5 2.9 2.6 2.1 3.7 1.2 2.2 0.5 

8 1.2 1.5 1.5 3.2 3.1 2.0 3.7 1.4 2.2 0.5 

9 1.2 1.4 1.6 3.0 3.1 2.0 3.7 1.4 2.1 0.5 

10 1.3 1.5 1.5 3.1 3.1 2.0 3.8 1.4 2.2 0.5 

11 1.4 1.3 1.6 3.2 3.1 2.2 3.8 1.5 2.1 0.5 
           

Requirements:           

NRC (2011) 1.5 0.7 0.9 1.4 1.8 1.1 1.8 1.1 1.2 0.3 
1Calculated value; Calculated AA content in the diet (DM basis) × ADC of CP of diet  
N.B.: NRC values are on an “as is” basis. 
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Table 4.10 - Proximate composition of whole carcass of rainbow trout1 fed the experimental diet for 8 

weeks, expressed on a wet weight basis. Values are mean (n = 3).  

 
Source Moisture 

Crude 

Protein 
Lipid Ash 

Gross 

Energy 

    % % % % kj/g 

1.2% Arginine     

    Diet 1 - 72.0 14.9 9.7 2.1 7.9 

1.35% Arginine       

    Diet 2 L-Arg 70.4 b 16.0   10.2 2.3 8.3 a 

    Diet 4 FeM1 73.1 a 14.9     8.4 2.2 7.4 b 

    Diet 6 PTFeM1  72.4 ab 14.7   10.1 2.1 7.9 ab 

    Diet 8 FeM2  72.7 ab 15.1     9.2 2.1 7.7 ab 

    Diet 10 PTFeM2  72.8 ab 15.0     9.4 2.1 7.7 ab 

1.5% Arginine       

    Diet 3 L-Arg 71.4 b 15.5    10.3 2.2 8.1 a 

    Diet 5 FeM1  73.6 ab 15.1     8.3 2.2  7.3 bc 

    Diet 7 PTFeM1 74.1 a 14.8     7.9 2.1 7.1 c 

    Diet 9 FeM2  71.6 ab 15.8     9.6 2.3 8.0 ab 

    Diet 11 PTFeM2  73.9 ab 15.3     9.1 2.1  7.7 abc 

S.E.M.2   0.29 0.14 0.20 0.03 0.10 

       

Effect (P-value)       

    Source   <0.05 NS NS NS <0.05 

    Arg Level  NS NS NS NS NS 

    Source × Arg Level  NS NS NS NS NS 
1Initial body weight of 22.8g.      
2Pooled standard (n = 36) error of a mean of all diets.     
Note: Different letters denote significant differences (P ≤ 0.05); responses with no notations mean no differences among 

the diets. 
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Figure 4.1 - Feed intake (a), weight gain (b), and TGC (c) values of rainbow 

trout in response to being fed diets containing increasing arginine content 

supplied by L-arginine, FeM1, PTFeM1, FeM2 or PTFeM2. Values are mean 

(n = 3). 
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Figure 4.2 - Retained nitrogen (a), recovered energy (b), and arginine retention 

efficiency (c) values of rainbow trout in response to being fed diets containing 

increasing arginine content supplied by L-arginine, FeM1, PTFeM1, FeM2 or 

PTFeM2. Values are mean (n = 3). 
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CHAPTER 5: INVESTIGATING THE FACTORS AFFECTING THE 

DIGESTIBILITY OF AMINO ACIDS IN TWO FEATHER MEALS AND IN 

THEIR PRE-TREATED CONTERPARTS IN RAINBOW TROUT 

(Oncorhynchus mykiss) 

 

Abstract 

 A digestibility trial was carried out to assess the apparent digestibility of amino acids in 

two feather meals (FeM) of different origin (FeM1 and FeM2) and in their pre-treated ingredient 

stream (PTFeM1 and PTFeM2) in rainbow trout (Oncorhyncus mykiss). FeM consists of keratin, 

a protein distinctively cross-linked with disulphide bridges that hold polypeptides together into 

recalcitrant structures extremely resistant to digestion. To facilitate the digestibility of FeM by 

animals, a pre-treatment aimed at cleaving disulphide bonds with a reducing agent (sodium sulfite) 

and the peptide bonds with a commercial protease was previously developed in our laboratory. 

The pre-treatment consisted of incubating the FeMs in 200% distilled water (%FeM w/w), with 

0.5% of a commercial protease (%FeM w/w) and 2% sodium sulfite (%FeM w/w) at 55ºC for 24 

hours in a shaking incubator. The apparent digestibility coefficients (ADC) of crude protein (CP) 

in FeM1, PTFeM1, FeM2, and PTFeM2 were 85.4%, 94.7%, 81.9%, and 95.5% respectively. 

There was no significant difference (P < 0.05) of ADC of CP amongst FeMs and amongst PTFeMs.  

The pre-treatment of these FeMs significantly improved (P < 0.05) their ADC of CP and amino 

acids (with the exception of histidine, lysine and methionine).  

 Changes induced by the pre-treatment on the disulphide bond content and conformation of 

keratin in FeMs were studied by means of FT-Raman. Analysis of the ingredients using FT-Raman 

suggested a reduction in concentration and conformational stability of disulphide bonds in the 

PTFeMs compared to their FeM counterparts. These results suggest that the digestibility of protein 
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of FeM is not only governed by disulphide bond content and other variables should be considered.  

Higher concentrations of the cross-linked amino acids (CLAA) lanthionine, lysinoalanine and β-

aminoalanine were measured in FeM1 and PTFeM1 as compared to FeM2 and PTFeM2, 

respectively, indicating a higher degree of heat damage imposed on proteins during manufacturing 

of FeM1 as compared to FeM2. Previous studies have suggested an inverse relationship between 

CLAAs and the digestibility FeMs. The digestibility of protein in FeM may be influenced by 

disulphide bond content (as indicated by the significant effect of the pre-treatment on digestibility) 

and the presence of CLAAs.   
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5.1 Introduction 

 Holistically, the goal of the rendering industry is to sustainably, through appropriate 

processing methods, transform unwanted parts of animals raised for meat consumption into 

nutritionally available feed ingredients for the highest possible trophic levels of the human food 

web. Feather meal (FeM) is a low-cost feed ingredient obtained from the steam-hydrolysis of 

keratin by-products generated by the meat processing industry and is widely used for the 

formulation of animal diets. FeM is rich in protein (75-85% as is) and amino acids, making it a 

highly convenient ingredient for aquaculture feeds, which are formulated to contain very high-

protein levels (> 30%)  (Bureau et al., 1999). Despite its attractive chemical characteristics, 

anecdotal evidence from feed industry stakeholders along with several studies indicate that the 

digestibility of FeM is extremely variable. Apparent digestibility (ADC) of crude protein (CP) in 

FeMs has been reported to range from 58 to 93% when fed to rainbow trout (Cho et al. 1982, 

Sugiura et al. 1998, Bureau et al. 1999, Cheng et al. 2004, Glencross 2011). Moreover, the absence 

of an accurate method to estimate the in vivo digestibility of FeM makes precise formulation of 

diets with significant levels of this ingredient difficult to accomplish.   

Keratin contains high concentrations of cysteine, an amino acid with the particularity of 

forming strong disulphide bridges with other cysteine molecules located on adjacent peptide chains 

or on different parts of the same peptide chain. The important degree of disulphide bonds supplied 

by the high cysteine content tightly hold keratin polypeptides together into a recalcitrant structure 

resistant to proteases (Wrzesniewska-Tosik and Adamiec 2007). Keratinolytic microorganisms 

secrete exogenous disulphide reductase which by disrupting disulphide bonds, unfolds the protein 

structure of keratin, exposes peptide bonds, and enables peptic cleavage by the protease (Bockle 

and Muller 1997, Yamamura et al. 2002, Ramnani and Gupta 2007). The pre-treatment developed 
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in Chapter 3 mimicked this process, whereby sodium sulfite, a reducing agent was used to cleave 

the disulphide bonds and a commercial protease was used to hydrolyze the peptide bonds. During 

the process, sodium sulfite ruptures disulphide bridges to give cysteine thiols and cysteine-S-

sulphonate (Bunte salt) (Figure 5.5). The released Bunte salt is just as bioavailable as cysteine as 

it re-forms into cystine when exposed to the acid conditions of the stomach (Damodaran et al. 

2007). The reduction of cystine with sodium sulfite in FeM unfolds the protein structure and 

enables commercial proteases to access and cleave the peptide bonds into peptides and amino 

acids. Using this pre-treatment, we effectively solubilized up to 45% of the nitrogen contained in 

FeM (Chapter 3).  

 In Chapter 4, we performed a bioavailability trial, where the relative bioavailability of 

arginine (Arg) from two FeMs and their pre-treated counterparts (PTFeMs) were compared with 

that of crystalline L-arginine (L-Arg) in an 8-week growth trial with rainbow trout. An Arg 

deficient basal diet was formulated, and ten other diets were formulated to contain incremental 

level of Arg provided by, either crystalline L-Arg, FeMs, or PTFeMs. Results indicated that 

increased Arg bioavailability of the PTFeMs supported significantly higher growth rates and Arg 

retention efficiency than their untreated counterparts (P < 0.05). Moreover, the sets of diets 

formulated with the PTFeMs had significantly (P < 0.05) greater ADC of CP than the FeMs 

counterparts. The results demonstrated the potential of the pre-treatment to improve the nutritive 

value of FeMs. Interestingly, we noticed significant (P < 0.05) differences in bioavailability 

between FeMs with equivalent digestible amino acid content. This observation demonstrated that 

measurements of digestibility only partially reflect the nutritional value of feed ingredients. The 

use of an experimental design that allows to measure the bioavailability of digestible amino acids 

may give a more accurate picture of the nutritional value of feed ingredients. 
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 In FT-Raman spectroscopy, the stretching bands of symmetric covalent bonds with little 

or no dipole moment such disulphides bridges give strong characteristic frequencies (Parker 1983, 

Salerno et al. 2006). Variation of intensity in the disulphide region of FT-Raman spectra (550 to 

490 cm-1), was previously used to monitor the extent of bond cleavage in dissolved feather keratin 

(Church et al. 2010). Zhang et al. (2014) showed that the in vitro digestibility of FeM was inversely 

proportional to its disulphide bond content. Despite some band overlapping, the disulphide bridge 

region can be deconvoluted in three relatively clear bands corresponding to the S-S conformers 

trans-gauche-trans (SStgt), gauche-gauche-trans (SSggt) and gauche-gauche-gauche (SSggg) at ~540, 

~520, and ~500 cm-1 respectively (Hernández et al. 2014). The more trans linkages a disulphide 

bond contains, the less energetically stable it is (Sugeta et al. 1972, 1973). Using FT-Raman, 

studies showed that enzymatic hydrolysis of keratin reduces the amount of disulphide bridges and 

reduces the stability of their conformation (Wojciechowska et al. 1999, Hou et al. 2014).  This 

phenomenon implies that our pre-treatment can reduce the number of bonds to be cleaved by 

gastric enzymes and make the remaining bonds easier to break down, increasing the amount of 

digestible amino acids available for the peripheral metabolism and growth of animals. FT-Raman 

spectroscopy was largely demonstrated to be a useful method for studying disulphide levels and 

conformations in keratinaceous materials (Frushour et al. 1975, Carter et al. 1994, Akhtar and 

Edwards 1997, Akhtar et al. 1997, Edwards et al. 1998, Schlücker et al. 2006). Accordingly, 

Raman spectroscopy may be a valuable tool to examine the chemical basis of variations in the 

nutritional value of feed ingredients such as FeM. 

 Lanthionine (LAN) is a cross-linked amino acid (CLAA) generated during the processing 

of FeM (Papadopoulos et al. 1985, Latshaw 1990, Latshaw et al. 1994). Exposure of keratin 

biomass to high heat during the cooking and drying steps of FeM processing promotes the β-
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elimination of cystine and serine, two amino acids found at high level in this material, to give 

undesired dehydroalanine (DHA) (Friedman 1977, Finley 1983, Friedman et al. 1984). DHA reacts 

actively the ε-amino group of cysteine to give LAN (Asquith et al. 1974). The digestibility of FeMs 

by poultry was reported to be inversely concomitant to their content in LAN (Papadopoulos et al. 

1985). Moreover, CLAAs in heat and alkali treated proteins were shown to be indicators of amino 

acid racemization. Indeed, heat treatment promote the racemization of amino acids from L to D-

form (Hayashi and Kameda 1980, Friedman et al. 1981, Friedman and Liardon 1985, de Vrese et 

al. 2000). The D-enantiomer of most essential amino acids, are unavailable or drastically less 

available than their respective L-forms for the peripheral metabolism and growth of animals (Baker 

and Boebel, 1981). It appears that like CLAAs, D-amino acids (D-AAs) negatively affect the ADC 

of CP and amino acids in treated proteins (Hayashi and Kameda 1980, Friedman et al. 1981, Chung 

et al. 1986, de Vrese et al. 2000). Therefore, CLAAs may be good indicators of both, digestibility 

and bioavailability of amino acids in feed ingredients. 

 In this study, we attempted to better understand the chemical basis affecting the 

digestibility of CP and amino acids in feed ingredients. The ADC of amino acids and of LAN in 

FeMs and in their PTFeMs counterparts by rainbow trout were assessed. The presence of CLAAs 

in the tested feed ingredients was examined. Finally, we explored the potential of FT-Raman 

spectroscopy to assess the effect of the pre-treatment on the disulphide bonds in FeMs.   

 

5.2 Materials and Methods 

5.2.1 Feather Meals 

The two untreated FeMs (FeM1 and FeM2) used in this study were the same batch as those 

used in Chapter 4. The two FeMs were pre-treated using a commercial bacterial protease and 
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sodium sulfite as described in Chapter 4, lyophilized and milled. The PTFeMs resulting from the 

pre-treatment of FeM1 and FeM2 were identified as “pre-treated feather meal 1” (PTFeM1) and 

“pre-treated feather meal 2” (PTFeM2), respectively. The chemical compositions of FeM1, FeM2, 

PTFeM1 and PTFeM2 are described in Table 5.1. 

 

5.2.2 Dietary Design 

  A high quality reference diet (Table 5.2) was prepared and combined with each test 

ingredient at 70:30 ratio (as is basis) to produce 5 test diets. Yttrium oxide-Y2O3 (Sigma-Aldrich 

Inc., MD, USA) was added as a digestion indicator to the basal diet at 100 mg kg-1. The diets were 

mixed using a Hobart mixer (Hobart Ltd., Don Mills, Ontario), pelleted using a laboratory steam 

pellet mill (California Pellet Mill Co., San Francisco, California, USA), and dried under forced air 

at room temperature for 24h. The proximate composition, gross energy (GE) and amino acid 

profiles of the ingredients used for the formulation of the diets are presented in Table 5.2 and those 

of the five test diets are described in Tables 5.3. 

 

5.2.3 Experimental Conditions 

Rainbow trout (Oncorhynchus mykiss) fingerlings were obtained from the Alma 

Aquaculture Research Station of the University of Guelph (Elora, ON, Canada). The fish were 

acclimatized to the experimental conditions for one week before starting the trial. During that 

period, fish were fed a commercial trout diet (Martin Mills Feeds, Elmira, ON, Canada).  

Groups of 20 juvenile fish (50.3g initial body weight) were allocated to 15 rectangular 

fiberglass tanks (50 l). The tanks were individually aerated and provided with a water flow rate of 

1.5 l/min. The water temperature of the semi-recirculated system was maintained at approximately 
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15 ºC by manually adjusting the renewal of fresh make up water. A photoperiod regimen of 

artificial light was maintained at 12 h light: 12 h dark by a digital timer. The aquatic system was 

equipped with feces settling columns (Guelph System) as described by Cho et al. (1982).  

Each of the 5 diets were randomly assigned to three tanks. Three fecal samples per diet 

were collected over 3 one-week periods (one fecal sample per period). The juveniles were 

acclimated to their experimental diet for 3 days before starting each feces collection period. The 

experimental diets were randomly re-allocated to new collection units at the beginning of the 

second and the third period.  

The fish were fed to near satiety twice daily between 0900 and 1600 h. One hour after the 

last daily meal, feed residues and feces were removed from the aquatic system by brushing out the 

drainpipes and settling columns. One third of the water in the tanks was drained to ensure that the 

cleaning procedure was complete. Before the first daily feeding on the following day, the settled 

feces and surrounding water were gently withdrawn from the base of the settling column into 250 

ml Sorvall bottles (Sorvall® Instruments, Wilmington, DE, USA). The fecal samples were 

centrifuged at 4000 rpm for 15 min (Eppendorf Centrifuge 5810R, Eppendorf AG, Hamburg, 

Germany), and the supernatant discarded. At the end of the trial, the fecal samples were 

lyophilized, ground and stored at -20 ºC until analysis. 

 

5.2.4 Chemical Analyses 

Ingredients, diets, and fecal samples were analyzed for proximate analysis. Dry matter 

(DM) and ash content were analyzed according to AOAC (1995). Nitrogen was analyzed by 

macro-Kjeldahl method (AOAC 1995) using a Kjeltec protein analyzer (Model #8200, Tecator, 

Hoganas, Sweden). Crude protein (CP) was calculated as N × 6.25. Lipids were analyzed by 
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petroleum ether extraction using an ANKOM XT-20 analyzer (ANKOM Technology, Macedon, 

NY). GE was calculated as described by Cho et al. (1982). Yttrium oxide content of experimental 

diets and feces was analyzed in a contract laboratory (Laboratory Services Division, University of 

Guelph, ON, Canada) using inductively coupled plasma optical emission spectroscopy technique 

(ICP-OES).  

Ingredients, diets, and fecal samples were analyzed for amino acids and CLAAs. Amino 

acids (without tryptophan), were analyzed by an outside laboratory (EVONIK, Hanau, Germany) 

following the standard UPLC methodology using an acid hydrolysis method with methionine and 

total cyst(e)ine + cysteic acid prepared through performic acid oxidation with acid hydrolysis-

sodium metabisulfite method (Llames and Fontaine 1994). Analysis of β-aminoalanine (BAL), 

LAN, lysinoalanine (LAL), ornithinoalanine (OAL), and histidinoalanine, (HAL) in the 

ingredients, diets, and feces was performed at the Nutrition Research Laboratory at the University 

of Guelph (FNRL, Guelph, Ontario, Canada). The BAL (L-form) calibration standard was 

obtained from Sigma-Aldrich, the LAL (DL and meso mixture) from TCI America (Portland, 

Oregon, USA), the LAN (LL and DL mixture) from Bachem Americas (Torrance, California, 

USA), the OAL (LL-form) from Toronto Research Chemicals (Toronto, Ontario, Canada) and the 

HAL (LL and DL mixture) was generously provided by Dr. Carol M. Taylor from the Department 

of Chemistry at Louisiana State University (Baton Rouge, Louisiana, USA). Approximately 0.05 

g of dried sample was hydrolysed in 13 mL test tubes with 5 ml of 6N HCl and 1% phenol for 24 

h at 110°C under pre-purified nitrogen atmosphere. Standards, ingredients, diets and feces (10 μL) 

were derivatized following PICO-Tag method (Cohen et al. 1989). The derivatized CLAAs were 

separated using UPLC (Waters Corporation, Milford, MA, USA) with UV detection (260 nm) with 
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a cycle time of 10 min per sample. Derivatized amino acids (1 μL injection volume) were separated 

in a column (2.1×100 mm, 1.7 μm) maintained at 55˚C.  

The FT-Raman spectra of the FeMs were collected using a Bruker (Billerica, 

Massachusetts, USA) FRA 106/s module on a Bruker IFS66vs FTIR spectrometer with excitation 

at 1064 nm, at 2 cm-1 resolution, in 180˚ backscattering geometry. A total of 10,000 scans were 

recorded between 3,200 and 400 cm-1 using a laser power of 525 mW. Samples were milled and 

packed in a standard 2 mm cavity cell. The disulphide bridge region (420-580 cm-1) and 980-1060 

cm-1 region were analyzed using Origin 2017 (OriginLab Corporation, USA). Baseline correction 

of the disulphide bridge regions were carried out by using a five-point, two-degree polynomial 

function. The disulphide region was deconvoluted in six Gaussian bands, with the boundaries 

drawn according to minimum and maximum frequency values previously reported in the literature 

for their associated components (Table 5.4). The six regions selected consisted of a:  557-567 cm-

1 with isoleucine (557 cm-1), threonine (564 cm-1) and Bunte Salt (567 cm-1); b: 539-547 cm-1 with 

SStgt; c: 519-527 cm-1 with SSggt; d: 490-512 cm-1 with SSggg; e: 470 cm-1 with elemental sulfur; f: 

433 and 452 cm-1 with sodium thiosulfate. The bands were deconvoluted within each region using 

the curve-fitting procedure assuming Gaussian line shapes and full width at half maximum 

(FWHM) of 25 cm-1. The boundaries for each band (Table 5.4) were set in the software and the 

iteration procedure was stopped when the best fit was achieved. The area under each band was 

calculated, divided by the area under the amide I band (1670 cm-1), and reported as arbitrary units 

(AI). The 980-1060 cm-1 regions were normalized based on the Amide I at 1670 cm-1. Difference 

spectra of the 980-1060 cm-1 regions were calculated by subtracting the FT-Raman spectra of both 

PTFeMs from those of their respective untreated FeMs to monitor changes at 1024 cm-1, which 

corresponds to Bunte salt (Carter et al. 1994, Pielesz and Weselucha-Birczynska 2000). 
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5.2.5 Calculations 

 The apparent digestibility coefficients (ADC) for the nutrients and GE in test and reference 

diets were calculated as follows (Cho et al. 1982):  

ADC = 1− (F/D x Di/Fi) 

where D=% nutrient (or %AU and kJ g−1 GE) of diet, F=% nutrient (or %AU and kJ g−1 GE) of 

feces, Di=% digestion indicator of diet (Y2O3), Fi=% digestion indicator of feces (Y2O3).  

 ADC of the test ingredients (ADCingr) and individual amino acids were calculated based on 

the digestibility of the reference diet and the test diets using the equation proposed by Forster 

(1999) and mathematically simplified as per the recommendation of Bureau and Hua (2006): 

ADCtest ingredient = ADCtest diet + ((ADCtest diet−ADCref. diet) x (0.7 x Dref/0.3 x Dingr)) 

where, Dref=% nutrient (or %AU and kJ g−1 GE) of reference diet mash (as is), Dingr=% nutrient 

(or %AU and kJ g−1 GE) of test ingredient (as is). 

 

5.2.6 Statistical analyses 

Data were analyzed using JMP®, V12.2.0 (SAS Institute Inc., Cary, NC, 1989-2007). ADC 

of DM, CP and amino acids, GE in the diets and test ingredients were compared by a one-way 

ANOVA followed by Tukey’s HSD (honestly significant difference); differences were considered 

significant at P<0.05.  

 

5.3 Results   

5.3.1 Apparent digestibility of diets and feather meals 

 Table 5.5 reports the ADC of DM, CP, GE, and amino acids of the reference and test diets. 

The ADC of most components were significantly lower (P<0.05) in the reference diet than in the 
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test diets. This implies that the ADC of nutrients in the four test ingredients (FeM1, FeM2, 

PTFeM1, PTFeM2) were superior to the combined average ADC of the nutrients in the ingredient 

used to formulate the reference diet. The presence of a large quantity of undigested blood meal 

particles was noticeable in the fish feces. The blood meal used for the formulation of the reference 

diet was likely very poorly digestible, which may explain the much poorer observed digestibility 

of CP of the reference diet in this study compared to other studies conducted at the Fish Nutrition 

research Laboratory (Bureau et al., 1999; Chowdhury et al., 2014).  

Table 5.6 reports the ADC of DM, CP, GE, and amino acids of the four test ingredients. 

The ADC of CP and of most amino acids were significantly higher (P<0.05) in the PTFeMs than 

in their untreated counterparts. Only the ADC of methionine and LAN were significantly (P < 

0.05) different when comparing FeM1 and FeM2. The ADC of histidine, lysine and methionine 

were highly variable, exceeding 100% in some instances for all four test ingredients and is likely 

attributable to low content in the ingredients. The ADC of LAN was the only digestibility 

parameters that was significantly different (P < 0.05) between PTFeM1 and PTFeM2. The ADC 

of LAN was also very variable between test ingredients due to its low content in the test diets (i.e., 

0.9, 0.8, 0.7 and 0.8% in Diet 1, Diet 2, Diet 3 and Diet 4, respectively).  

 

5.3.2 Cross-Linked Amino Acid Analyses 

 All synthetic CLAA standards derivatized well and were observable in the UPLC spectra. 

HAL eluted in two peaks; the first one overlapping with glutamate (LL-HAL) and the second 

eluting immediately after (DL-HAL). ΒAL elution occurred immediately after LAN, which eluted 

after proline. OAL eluted just before the derivative. The crystalline isomeric mixture of LL and 

DL-LAN eluted in two peaks located between lysine and tyrosine. 
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 HAL was present in all samples, but at levels too low and variable to be quantified and 

reported with any level of precision.  Values for BAL in ingredients and diets are reported in Table 

5.1 and Table 5.3. Levels of BAL in all samples were too low and variable to report valuable ADC 

values of this CLAA. LAN was found in both FeMs and PTFeMs above critical levels of detection 

(Table 5.1). OAL was not detected in the feed ingredients, diets or feces. The peak corresponding 

to DL-LAN was well separated in the samples; however, the levels were too low and variable 

among samples to report reliable ADC values for this compound. The LL-LAN peak was too close 

to the peak of lysine in the standard to be integrated with confidence. Overlap between the two 

peaks occurred in the samples since lysine was relatively abundant in comparison to LL-LAN, 

making quantification of the latter difficult.  

 In general, FeM1 and PFeM1 contained greater levels of CLAA than FeM2 and PTFeM2.  

The pre-treatment did not seem to have affected the CLAA content (i.e. 3.7% on a DM basis in 

FeM1 and PTFeM1 and 3.1% on a DM basis in FeM2 and PTFeM2).  

 

5.3.3 FT-Raman Analyses 

The deconvoluted spectra of the S–S regions in six bands of FeM1 and PTFeM1 are shown 

in Figure 5.1 while those of FeM2 and PTFeM2 are shown in Figure 5.2. The analysis of the 

deconvoluted FT-Raman spectra of FeM1 vs. PTFeM1, and FeM2 vs PTFeM2 are presented in 

Table 5.7.  

The two untreated FeMs had the same area in band a (0.014 AU for FeM1 and for FeM2), 

which corresponds to Bunte salt, Ile and Thr. The total estimated area within the disulphide region 

was marginally smaller in FeM1 than in FeM2 (i.e. 0.148 AU in FeM1 vs 0.176 AU in FeM2). 

This observation agrees with the different concentrations of total cyst(e)ine relative to the level of 
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CP observed between the two ingredients (i.e. 4.3 g and 5.4 g of cyst(e)ine per 100 g of CP in 

FeM1 and FeM2 respectively). The relative contribution to the total disulphide bonds of trans-

gauche-trans (TGT), gauche-gauche-trans (GGT), gauche-gauche-gauche (GGG) conformations 

was 19.6%, 37.8%, 42.6% for FeM1 and 19.3%, 39.8%, 40.9% for FeM2. The contributions for 

each of the disulphide conformations to the total disulphide bond regions were similar in the two 

untreated FeMs and their order of area size was SSggg > SSggt > SStgt. The sulfur and thiosulfate 

contents in FeM1 (0.023 AU and 0.010 AU, respectively) were slightly lower than in FeM2 (0.027 

AU and 0.012 AU, respectively).  

The areas under the band corresponding to Bunte salt, Ile and Thr were identical (0.014 

AU) in both PTFeMs. Similar to what was observed between FeM1 and FeM2, the total estimated 

area within the disulphide region was marginally smaller in PTFeM1 than in PTFeM2 (i.e. 0.099 

AU in FeM1 vs 0.134 AU in FeM2). Again, this phenomenon reflects the levels of total cyst(e)ine 

relative to the level of CP measured in the two ingredients (i.e. 4.5 g and 5.3 g of cyst(e)ine per 

100 g of CP in PTFeM1 and PTFeM2 respectively). The relative contribution to the total disulphide 

bonds of trans-gauche-trans (TGT), gauche-gauche-trans (GGT), gauche-gauche-gauche (GGG) 

conformations was 24.2%, 42.4%, 33.3% for PTFeM1 and 29.1%, 40.3%, 30.6% for PTFeM2. 

The contributions for each of the disulphide conformers to the total disulphide bond region were 

similar in the two PTFeMs, and their order of area size were SSggt > SSggg > SStgt. The sulfur and 

thiosulfate content were lower in PTFeM1 (0 AU and 0.018 AU respectively) than in PTFeM2 

(0.003 AU and 0.024 AU respectively).   

No change in the band area corresponding to Bunte salt, Ile, Thr (band a) of PTFeM1 was 

observed when compared to FeM1, whereas a reduction of 13% of the same band was observed in 

PTFeM2 when compared to FeM2. The pre-treatment promoted a reduction of total disulphide 
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bond levels in both FeMs (i.e. reduction of 33% in PTFeM1 vs FeM1 and a reduction of 24% in 

PTFeM2 vs FeM2). Diminutions of all three disulphide conformers were observed in PTFeM1 

when compared to FeM1 (i.e. decreases of 17%, 25% and 48% for TGT, GGT and GGG 

conformations, respectively). When comparing PTFeM2 to FeM2, the pre-treatment induced an 

increase of disulphide bonds with TGT conformation of 15%, and a reduction of those with GGT 

and GGG conformations of 33% and 43%, respectively. Overall, the order of effectiveness of the 

pre-treatments to reduce the three disulphide conformations in both FeMs was: SSggg > SSggt > 

SStgt. The pre-treatment induced reductions of 100% and 89% of elemental sulfur in PTFeM1 and 

PTFeM2 respectively (band e) when compared to their untreated counterparts. 

Figure 5.3 shows the FT-Raman spectra of the normalized 980-1060 cm-1 regions of FeM1 

and PTFeM1 and the difference spectra obtained by subtraction of those for PTFeM1 from FeM1 

while Figure 5.4 shows the same normalized spectral region for FeM2 and PTFeM2 and the 

difference spectra obtained by subtraction of PTFeM2 from FeM2. A dip can be observed in both 

difference spectra at 1024 cm-1 suggesting the appearance of a small amount of Bunte salt in both 

PTFeMs, produced by the reaction between cystine and sodium sulfite during the pre-treatment of 

the FeMs. 

 

5.4 Discussion 

To our knowledge, this study is the first investigating the combined effects of disulphide 

content and amino acid cross-linking on the nutritional value of feedstuffs. This study is a 

continuation of the investigation performed in Chapter 4, which aimed at assessing the effect of 

the pre-treatment developed in Chapter 3 on the bioavailability in Arg and the digestibility of 

amino acids in the two same FeMs. In Chapter 4, an Arg deficient basal diet was formulated and 
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ten other diets were formulated to contain incremental levels of Arg by adding increasing amounts 

of crystalline L-Arg, FeMs, or PTFeMs. Variations in the bioavailability of Arg between diets with 

equivalent dietary Arg level were compared, as assessed by growth parameters and nutrient 

retention efficiencies. It must be noted that we did not directly assess the ADC of nutrients, GE, 

and amino acids of the FeMs and PTFeMs in Chapter 4, but rather the ADC of diets formulated 

to contain increasing levels of Arg provided through the incremental inclusion of either crystalline 

L-Arg, FeM1, PTFeM1, FeM2 or PTFeM2. Thus, the digestibility trial that was conducted in the 

present study provided more precise data on the ADC of DM, GE, CP and amino acids in the four 

test ingredients.  

 The observed ADC of DM, CP and GE for the two untreated FeMs were in the range of 

values previously reported by Bureau et al. (1999) (ADC of 79-84% for DM, 81-87% for CP and 

76-80% for GE) when assessing the digestibility of four FeMs of different origin in our laboratory. 

The ADC of protein and of most amino acids were significantly greater (P<0.05) in the PTFeMs 

than in their FeM counterparts. This finding is in accordance with our observations from Chapter 

4, whereas diets containing the same FeMs as used in this study resulted in significantly lower 

(P<0.05) ADC of CP and of amino acids as compared to diets containing pre-treated counterparts. 

 Our findings contradict those of Serwata (2007), Laporte (2007) and Davies et al. (2009) 

who did not observe a significant difference in ADC of CP between standard steam-hydrolyzed 

FeMs and enzyme-treated FeMs by rainbow trout, European sea bass, gilt-head sea bream, and 

turbot. In Chapter 4, we suggested that disparities between processing methods may have been 

responsible for these different results. In those studies, raw poultry feathers were incubated at 50°C 

in the presence of enzyme cocktails for only 15 to 30 minutes prior to being steam-hydrolyzed, 

dried and ground. However, the presence of both a reducing agent and disulphide reductase is 
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essential to enable the proteolytic enzymes to efficiently hydrolyze raw keratin into peptides and 

amino acids (Bockle and Muller 1997, Yamamura et al. 2002, Ramnani and Gupta 2007). During 

sulfitolysis of cystine in keratin with sodium sulfite, disulphide bridges are broken down by sulfites 

to produce cysteine thiols and Bunte salts (Figure 5.5). Damodaran et al. (2007) reported that 

Bunte salt was just as bioavailable as cysteine as it decomposes and forms cystine when exposed 

to the acidic conditions of the stomach. This reduction reaction allows proteases to access the 

peptide bonds within the keratin structure and to break it down into peptides and amino acids. 

Moreover, Yamamura et al. (2002) noted that neither proteases, nor disulphide reductases isolated 

from Stenotrophomonas sp. showed keratinolytic activity independently. However, they observed 

an increase of keratinolytic activity of more than 50-fold when combining the two enzymes 

together. It seems improbable that enzymatic digestion performed on raw feathers prior to steam-

hydrolysis in Barbour et al. (2002) and Davies et al. (2009) effectively hydrolyzed the keratin 

protein and affected the digestibility of the final product. Steam-hydrolysis of keratin weakens 

chemical bonds and improves efficiency of subsequent enzymatic treatment aimed at breaking 

down proteins in peptides and amino acids. Based on these observations, the method developed in 

Chapter 3 where FeM is hydrolysed after steam-hydrolysis using a protease along with a reducing 

agent is logically more efficient at breaking down keratin protein into its components (peptides 

and amino acids) and, therefore, can more efficiently improve the nutritive value of this ingredient. 

 Comparisons of the FT-Raman spectra of the disulphide regions showed that the pre-

treatment effectively reduced the total levels of disulphide bonds. The improved ADC in both 

PTFeMs when compared with their FeMs counterparts are most probably due to their reduced 

disulphide bridge content. This finding was supported by Zhang et al. (2014) who showed that the 

in vitro digestibility of FeM was inversely proportional to its disulphide bond content. The 
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appearance of Bunte salt in the PTFeMs confirms that disulphide bonds were broken down by 

reacting with sodium sulfite during the pre-treatment of the FeMs. Sodium sulfite also reacts in 

water with elemental sulfur to produce sodium thiosulfate, which has strong S–S stretching modes 

at 452 and 433 cm-1 (Church and Evans 2008).  Consequently, the presence of sodium sulfite in 

the incubation mixture is most likely responsible for the disappearance of the 470 cm-1 bands 

(associated with elemental sulfur) and the increase of 433-452 cm-1 bands (associated with sodium 

thiosulfate) in the FT-Raman spectra of the PTFeMs.  

 The pre-treatment reduced the three disulphide conformers in both FeMs with an order of 

effectiveness that was: GGG > GGT > TGT. The GGG conformer is the most stable form and also 

is the most naturally abundant in proteins and peptides (Sugeta et al. 1972). The more trans 

linkages that are introduced in a disulphide bond, the less energetically stable the bond becomes 

(Sugeta et al. 1972, 1973). Interestingly, the more stable disulphide conformer GGG was the most 

affected by the pre-treatment. This phenomenon may be explained by the fact that the cysteine 

thiols resulting from the reaction between cystine and sodium sulfite might re-formed to give 

cystine with TGG and TGT disulphide conformers.  

 According to our observations, the relative contribution for TGT, GGT, GGG derived from 

the peak area ratios were similar between FeM1 and FeM2, and between PTFeM1 and PTFeM2. 

In the two untreated FeMs, the disulphide regions were dominated by the most stable GGG 

conformation. On the other hand, the GGT conformation was the most abundant in both PTFeMs 

and a large increase in the contribution of the TGT conformation was observed. This is in 

agreement with Wojciechowska et al. (2004) who reported similar observations when investigating 

the effect of an enzymatic treatment in the structural changes in wool fibre. Thus, when comparing 
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the PTFeMs with FeMs, not only are the number of disulphide bonds reduced, but the stability of 

their conformation is lowered as well.  

 One mole of sodium sulfite reacts with one mole of cysteine, and the molar mass of sodium 

sulfite (126.04 g/mol) is about half of that of cystine (242.32 g/mol). Given that 2% sodium sulfite 

(% FeM w/w) was added to the incubation mixture, we can expect that an approximately equal 

amount of the cysteine content (as is basis) in the FeMs was transformed to Bunte salt and that the 

balance re-formed to give cystine. This hypothesis is supported by the absence of a band in the 

2530–2580 cm-1 spectral region (not shown), which is generally associated to the S-H stretching 

vibration corresponding to cysteine thiols (Yu and Krimm 1977). When dissolving feather keratin 

in sodium sulfide solution, Poole et al. (2011) observed that the FT-Raman stretching vibration 

associated to thiols decreased linearly with time, and that the band was no longer detectable after 

24 h due to ionization of those functional groups. The re-formation of cystine from cysteine thiols 

may also explain why a greater fraction of TGT disulphide conformation occurred in PTFeM2 

when compared to FeM2, while a smaller one was observed in PTFeM1 when compared to FeM1. 

Indeed, FeM2 had a greater cyst(e)ine content than FeM1 (4.1% and 3.5% cyst(e)ine on an as is 

basis, respectively), implying that a larger proportion of cysteine thiols may have formed 

disulphide bridges with a less stable conformation. Using an amount of sodium sulfite sufficient 

to transform all the cysteine to Bunte salt and all the elemental sulfur to sodium thiosulfate when 

pre-treating FeMs may improve their ADCs of protein and amino acids slightly further.  

 FT-Raman spectra showed a lower disulphide bond content in FeM1 than in FeM2 (0.148 

AU and 0.176 AU, respectively) and in PTFeM1 than in PTFeM2 (0.099 AU and 0.134 AU, 

respectively). Despite these observations, no difference in ADC of CP and of most amino acids 
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was observed between the two FeMs and between the two PTFeMs indicating that factors other 

than the disulphide bond content are affecting the digestibility of this ingredient.    

 To our knowledge, we are the first to measure BAL, LAL, and OAL contents in FeMs. The 

concentration of LAN found in our FeMs were within the range of those reported by previous 

studies (Papadopoulos et al. 1985, Latshaw 1990, Latshaw et al. 1994). Overall, greater 

concentrations of CLAAs were measured in FeM1 and PTFeM1 than in FeM2 and PTFeM2, 

respectively. This observation may indicate that heat damage of amino acids occurred during the 

processing of FeM1 at the rendering facility. Certain amino acids in keratin are very susceptible 

to cross-linking during processing (steam-hydrolyzing and drying) since FeM contains high 

concentrations of cystine, which is highly reactive and susceptible to undesirable β-elimination 

(see Figure 2.1, Chapter 2). During FeM processing, cystine may not be cleaved between the two 

sulfurs and result in two cysteines (reduction reaction) as desired, but may be subjected to a β-

elimination of one of the sulfur atoms instead. This undesired reaction results in the formation of 

perthiocysteine residue and DHA (Friedman 1977). Serine and phosphoserine are also susceptible 

to β-elimination reactions to form DHA. The rate of formation of DHA during feed processing is 

pH, time and temperature dependant (Finley 1983, Friedman et al. 1984). The intermediate of 

DHA reacts actively the ε-amino group of cysteine, lysine, histidine, and ornithine or with 

ammonia to form LAN, LAL, HAL, OAL and BAL respectively (Asquith et al. 1974). The 

ammonia and ornithine involved in the formation of OAL and BAL are the result of the hydrolytic 

degradation of Arg.  

 There is considerable evidence of a positive correlation between the CLAA content and the 

extent of racemization of L to D-amino acids in treated proteins (Hayashi and Kameda 1980, 

Friedman et al. 1981, Friedman and Liardon 1985, de Vrese et al. 2000). Several studies indicated 
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that the presence of D-AAs and CLAAs in treated proteins led to impaired digestibility of CP and 

amino acids (Hayashi and Kameda 1980, Friedman et al. 1981, Chung et al. 1986, de Vrese et al. 

2000). It is still unknown whether D-AA or CLAAs are on their own responsible for decreased 

protein digestibility or whether these effects are additive. In a previous study aimed at assessing 

the effect of different processing conditions on the nutritive value of FeMs in chickens, 

Papadopoulos et al. (1985) reported that the ADC of amino acids in this ingredient was inversely 

proportional to its lanthionine content.  A higher concentration of CLAAs and D-AAs in FeM1 

than in FeM2 may have counteracted the beneficial effect of the lower disulfide bond content on 

the ADC of protein and amino acids in FeM1 and explained the similar ADCs observed in the two 

FeMs. This phenomenon may also explain the similar ADC of protein and of amino acids in the 

two PTFeMs despite their different content of disulphide bonds. 

 In Chapter 4, we compared the relative bioavailability of Arg in the same FeMs and 

PTFeMs used in the current study with that of crystalline L-Arg in an 8-week growth trial with 

rainbow trout. An Arg deficient (1.2% Arg) basal diet was formulated and ten other diets were 

formulated to contain 1.35% or 1.5% Arg by adding increasing amounts of L-Arg, FeMs, or 

PTFeMs. We observed that fish receiving the FeM2 and PTFeM2 treatments achieved significantly 

(P<0.05) greater growth performance parameters than those receiving FeM1 and PTFeM1 

respectively. The higher lanthionine content measured in FeM1 and PTFeM1 suggested a greater 

extent of racemization of amino acids to D-enantiomers. The level of bioavailability of D-Arg in 

fish is still unknown, but was shown to be completely unavailable to rats and chicks (Baker and 

Boebel, 1981). The amino acid analysis method used in our study does not allow to differentiate 

L from D-amino acids. It is foreseeable that differences in Arg bioavailability between the two 
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batches of FeMs and PTFeMs may have been the result of discrepancies in their relative D-Arg 

content. 

 LAL, OAL, and BAL are CLAAs formed during the thermal and/or alkali treatment of 

keratin and were shown to cause renal lesions in rats (Corfield et al. 1967, De Groot et al. 1976, 

Feron et al. 1978, Karayiannis et al. 1979, Boschin et al. 1999, Koleva et al. 2009). Only LAL and 

BAL were detected in our FeMs. The dietary level of LAL required to cause renal lesions in rats 

varies largely between studies, protein types (protein-bound vs crystalline), feed ingredients, and 

rat strains. Indeed, De Groot et al. (1976) described that 100 ppm of dietary crystalline 

lysinoalanine induced nephrocytomegaly in Wistar rats, while 6000 ppm of LAL from alkali-

treated casein or soybean protein did not have any toxic effect. In a later study performed by 

Karayiannis et al. (1979), kidney lesion were induced in Sprague-Dawley and Wistar rats with 

alkali-treated soy protein containing 1370 – 2630 ppm LAL, whereas only minimal karyomegali 

was caused in Sprague-Dawley rats with  4970 ppm of dietary LAL from alkali-treated 

lactalbumin. Additionally, Feron et al. (1978) reported that 3000 ppm of dietary synthetic BAL 

caused growth retardation in rats. Neither, the levels of LAL, OAL and BAL have previously been 

measured in FeMs. The LAL analysis performed in this study, allowed us to estimate that the DL-

LAL levels in the diets formulated in Chapter 4 were of approximately 150 ppm and 300 ppm in 

the low and high-FeM1/PTFeM1 diets respectively and of 60 ppm and 120 ppm in the low and 

high-FeM2/PTFeM2 diets. LAL-induced nephrocytomegaly seems to be species specific; De 

Groot et al. (1976)  reported that 1,000 ppm of dietary synthetic LAL did not cause renal lesions 

in mice, hamsters, rabbits, quail, dogs or monkeys. The sensitivity of rainbow trout to LAL, OAL 

and BAL is still unknown. If fish are sensitive to these dietary compounds, the discrepancies in 

growth performance observed between the fish fed the either of two FeMs as well as between those 
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fed either of the two PTFeMs in Chapter 4, may have partially been caused by differences in their 

LAL, BAL and OAL content. The toxicological implications of dietary LAL, BAL, and OAL in 

rainbow trout and other fish species need to be assessed in future trials. 

 Results from this study indicate that the pre-treatment has not only reduced the amount of 

disulphide bonds in FeMs, but also reduced the stability of their conformation. This phenomenon 

may have facilitated the breakdown of protein in FeMs during digestion and increased the amount 

of digestible amino acids available for peripheral metabolism and growth. However, we showed 

that the digestibility of FeMs is not solely governed by their concentration in disulphide bonds. 

Indeed, CLAAs and D-AAs in FeMs seem to also be influencing the digestibility of this ingredient. 

Establishing a relationship between the digestibility of amino acids, the levels of disulphide bonds 

and the concentration of CLAAs of a greater number of FeMs could provide sufficient data to 

build a model to predict the digestibility of FeM. Findings from this study demonstrate that FeMs 

with identical digestibility can have different bioavailability. The bioavailability of FeMs may be 

related to the presence of CLAAs and of D-AAs. Determining the effect of CLAAs and D-AAs on 

the bioavailability of FeM would be necessary in order to build a model that would allow us to 

predict the complete nutritional value (digestibility and bioavailability) of this ingredient.  
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Table 5.1 - Proximate analysis and, gross energy and essential amino acid profiles of the ingredients used for formulating 

the diets (as is basis). 

 Ingredients 

 

FeM1 PTFeM1 FeM2 PTFeM2 Fishmeal Blood 

meal  

Soybean 

concentrate 

Wheat 

middling 

Proximate composition (as is)        
Dry matter (%) 93.4 93.3    86.6 93.1 94.0 92.6 93.2 91.7 

Crude protein (%) 81.9 80.3    76.3 81.7 68.8 89.4 59.8 17.4 

Lipid (%)   8.3   7.9      6.5   6.5 10.1   1.0   0.9   4.8 

Total carbohydrates (%)1   1.3   1.3      1.5   0.6   0.3   0.0 25.9 66.3 

Ash (%)   1.9   3.8      2.3   4.3 14.8   2.2   6.6   3.2 

Gross energy (kJ g-1)1 22.6 22.1    20.7 21.8 20.1 21.3 18.8 17.4 

Essential amino acids (% as is)        
Arginine   5.9   5.7      5.7   6.1   4.1   4.7   4.6   1.2 

Histidine   0.6   0.6      0.7   0.8   1.6   5.3   1.6   0.4 

Isoleucine   4.0   3.9      3.5   3.8   2.9   3.1   3.0   0.6 

Leucine   6.7   6.5      6.2   6.6   5.1 10.1   4.9   1.1 

Lysine   1.8   1.8      2.2   2.3   5.2   7.9   3.8   0.8 

Methionine   0.5   0.5      0.6   0.6   2.0   1.1   0.8   0.3 

Phenylalanine   4.0   3.9      3.4   3.6   2.8   5.9   3.3   0.7 

Threonine   3.9   3.8      3.8   4.0   3.0   4.3   2.5   0.6 

Valine   6.0   5.8      5.1   5.6   3.5   6.4   3.0   0.8 

Non-essential amino acids (% as is)       
Alanine   3.8   3.7      3.6   3.8   4.3   7.0   2.7   0.8 

Asparatic acid   5.6   5.5      5.5   5.8   6.3   8.8   7.3   1.2 

Cyst(e)ine   3.5   3.6      4.1   4.3   0.6   1.3   0.9   0.4 

Glutamic acid   9.2   9.0      9.7 10.1   8.9   9.1 11.4   3.4 

Glycine   6.5   6.3      5.8   6.2   4.3   3.6   2.6   0.9 

Proline   8.3   7.8      6.8   7.3   3.0   3.7   3.3   1.1 

Serine   9.3   8.8      8.1   8.4   2.7   3.9   3.2   0.7 

Cross-linked amino acids (% as is)     

Lanthionine   3.18   3.17      2.55   2.80   0.00   0.31   0.06   0.01 

DL-Lysinoalanine   0.16   0.15      0.06   0.07   0.13   0.04   0.01   0.01 

Β-aminoalanine   0.14   0.13      0.05   0.06   0.02   0.01 <0.01 <0.01 
FeM1, feather meal 1; PTFeM1, pre-treated feather meal 1;  FeM2, feather meal 2; PTFeM2, pre-treated feather meal 2    
1Calculated values         
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Table 5.2 - Ingredient composition of the reference diet. 

Ingredients  Inclusion level (%) 

Fish meal 30 

Blood meal 15 

Soybean concentrate 10 

Wheat middlings 28 

Vitamin premix1 1 

Mineral premix2 1 

Fish oil, herring 15 

1 Provides per kg of diet: Retinyl acetate (vit. A), 75mg; Cholescalciferol (vit. D), 60mg; dl-a-tocopherol-acetate 

(vit. E), 300mg; Menadione Na-bisulfate (vit. K), 1.5mg; Cyanocobalamine (vit. B12), 30mg; Ascorbic acid 

monophosphate, 300mg; Biotin, 210mg; choline chloride (chloride, 50%), 15mg; D-calcium pantothenate, 32.6mg; 

pyrodpxone-HCL (vit. B6), 7.5mg; Riboflavin (vit. B2), 9mg; Thiamin-HCL (vit. B1), 1.5mg; Caro-Pink 

(Astaxanthin), 500mg. 

2 Provides per kg: sodium chloride (NaCl, 39% Na, 61% Cl), 3077mg; potassium iodide (KI, 24% K, 76%I), 

10.5mg; ferrous sulphate (FeSO4-H20, 20% Fe),65mg; manganese sulphate (MnSO4, 36% Mn), 88.9mg; zinc 

sulphate (ZnSO4-H2O, 40% Zn), 150mg; copper sulphate (CuSO4-H20, 25% Cu), 28mg; yttrium oxide, 100mg. 
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 Table 5.3 - Proximate analysis and, gross energy and essential amino acid profiles of the diets (as is basis). 

 Diets 

 1   2   3   4   5 

  

Reference 

Diet  

70%-Ref + 

30%-FeM1  

70%-Ref + 

30%-PTFeM1  

70%-Ref + 

30%-FeM2  

70%-Ref + 

30%PTFeM2 

Proximate composition (as is) 
 

        
Dry matter (%) 94.1  94.1  94.2  95.7  95.5 

Crude protein (%) 45.6  56.8  55.9  55.6  57.1 

Lipid (%) 18.1  14.9  14.9  14.2  13.8 

Total carbohydrates (%)1 23.0  16.7  17.2  19.7  17.7 

Ash (%)   7.4    5.7    6.2    6.2    6.9 

Gross energy (kJ g-1)1 21.7  22.0  21.9  22.0  21.8 

Essential amino acids (% as is)          
Arginine   2.9    3.8    3.7    3.9    3.9 

Histidine   1.6    1.2    1.2    1.3    1.4 

Isoleucine   1.9    2.5    2.5    2.5    2.4 

Leucine   4.1    4.8    4.7    4.8    4.8 

Lysine   3.6    3.0    2.9    3.2    3.2 

Methionine   1.0    0.8    0.8    0.9    0.8 

Phenylalanine   2.4    2.7    2.7    2.6    2.7 

Threonine   2.1    2.6    2.5    2.6    2.6 

Valine   2.8    3.7    3.6    3.5    3.5 

Non-essential amino acids (% as is)         

Alanine   3.0    3.2    3.1    3.2    3.2 

Aspartic acid   4.5    4.7    4.6    4.8    4.8 

Cyst(e)ine   0.6    1.4    1.4    1.6    1.6 

Glutamic acid   6.4    7.2    7.0    7.6    7.5 

Glycine   2.5    3.6    3.6    3.6    3.5 

Proline   2.2    4.1    4.0    3.8    3.7 

Serine   2.0    4.1    4.0    3.9    3.9 

Cross-linked amino acids (% as is)         

Lanthionine   0.03     0.92     0.90     0.81     0.83 

DL-Lysinoalanine   0.08    0.10    0.10    0.08    0.08 

Β-aminoalanine   0.01    0.03    0.04    0.02    0.02 
FeM1, feather meal 1; PTFeM1, pre-treated feather meal 1;  FeM2, feather meal 2; PTFeM2, pre-treated feather meal 2    
1Calculated values 
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Table 5.4 - Band frequency and full width at half maximum of the six components in the disulphide 

region (420-580 cm-1). 

Region (cm-1) Components Full width at half maximum (cm-1) References 
557-567 Bunte salt, Ile, Thr 25 a, b 
    

539-547 S-S; trans-gauche-trans 25 c, d, e, f, g 
519-527 S-S; gauche-gauche-trans 25 c, d, g  
490-512 S-S; gauche-gauche-gauche 25 c, d, e, f, g 
    

470 Elemental sulfur 25  
    

433-452 Sodium thiosulfate 25 a 
a
Church and Evans (2008) 

b
Zhu et al. (2011) 

c
Frushour et al. (1975) 

d
Carter et al. (1994) 

e
Akhtar and Edwards (1997) 

f
Edwards et al. (1998) 

g
Schlücker et al. (2006) 
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Table 5.5 - ADC (%) of dry matter, crude protein, gross energy, and amino acids in the reference diet (diet 1) and the four test 

diets fed to rainbow trout. Values are mean (n = 3). 

 Diets   

 1   2   3   4   5  

SEM2 

  

Reference 

Diet  

70%-Ref + 

30%-FeM1  

70%-Ref + 

30%-PTFeM1  

70%-Ref + 

30%-FeM2  

70%-Ref + 

30%-PTFeM2 

 

ADC (%)           

Dry matter   60.5c  65.8b  68.6ab  68.0ab  70.3a   0.94 

Crude protein 70.1c  76.8b  80.7a  75.0b  81.1a  1.13 

Gross energy1    66.6c  69.7bc  71.9ab  71.3ab  73.5a  0.69 

ADC of essential amino acids (%)           

Arginine 75.8c  80.7b  84.9a  80.0b  85.1a  0.97 

Histidine 56.0b  55.7b  62.3ab  58.7ab  65.8a  1.24 

Isoleucine 73.8c  79.6b  83.3a  80.0b  84.2a  1.02 

Leucine 64.3d  71.7c  77.1ab  72.4bc  78.5a  1.40 

Lysine 70.8b  71.4b  75.4ab  74.2ab  78.3a  0.85 

Methionine 80.3ab  79.0b  81.6ab  81.9ab  83.1a  0.45 

Phenylalanine 64.6c  72.3b  77.6ab  72.4b  78.2a  1.38 

Threonine 68.3c  73.6b  78.4a  73.1b  79.0a  1.11 

Valine 65.8c  74.7b  79.8a  74.8b  79.9a  1.43 

ADC of non-essential amino acids and lanthionine (%)         

Alanine 66.7d  71.9c  77.1ab  72.5bc  78.2a  1.18 

Aspartic acid 70.7c  74.0bc  78.3ab  75.5b  80.3a  0.96 

Cyst(e)ine 63.2c  74.0b  79.7a  72.0b  79.0a  1.72 

Glutamic acid 79.0c  80.5c  84.3ab  81.3bc  85.7a  0.71 

Glycine 75.1c  81.9b  86.3a  81.6b  85.9a  1.11 

Proline 74.6d  81.5bc  86.4a  79.4c  83.9ab  1.11 

Serine 71.2c  81.5b  86.6a  79.3b  85.8a  1.51 

Lanthionine 50.2a   79.1ab   83.7a   66.2c   76.2b  3.23 
FeM1, feather meal 1; PTFeM1, pre-treated feather meal 1;  FeM2, feather meal 2; PTFeM2, pre-treated feather meal 2    
1Calculated values 

2Pooled standard error (n = 15) of a mean of all diets. 
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Table 5.6 - ADC (%) of dry matter, crude protein, gross energy, and amino acids in the two FeMs 

and of their pre-treated counterparts in rainbow trout. Values are mean (n = 3). 

 

 Ingredients 

  FeM1 PTFeM1 FeM2 PTFeM2 SEM2 

Proximate composition (a) 
 

   
 

Dry matter (%) 78.3b      87.7ab     86.9ab      93.2a 1.89 

Crude protein (%) 85.4b      94.7a     81.9b      95.5a 1.91 

Gross energy (kJ g-1)1 78.3b      87.2ab     86.0ab      94.4a 2.02 

      

Essential amino acids (%)  

Arginine 86.3b      95.6a     84.9b      95.3a 1.60 

Histidine 53.6b    102.5a     72.8ab    114.8a 8.58 

Isoleucine 86.0b      94.2a     87.9b      96.5a 1.41 

Leucine 82.3b      96.1a     84.9b      99.4a 2.38 

Lysine 74.1b      96.9ab     87.5ab    105.1a 4.09 

Methionine 73.3b      87.0ab     88.1a      93.2a 2.59 

Phenylalanine 83.0b      96.4a     85.1b      99.0a 2.30 

Threonine 80.1b      91.0a     79.2b      91.9a 1.94 

Valine 84.3b      95.3a     86.0b      96.2a 1.78 

      

Non-essential amino acids and lanthionine (%)  

Alanine 81.3b      96.8a     84.0b      99.9a 2.67 

Aspartic acid 80.4c      92.9ab     84.7bc      97.9a 2.28 

Cyst(e)ine 78.8b      86.5a     75.4b      84.8a 1.43 

Glutamic acid 82.8b      93.0a     84.8b      95.6a 1.73 

Glycine 87.9b      96.6a     88.1b      96.0a 1.33 

Proline 85.8bc      94.2a     83.0c      90.4ab 1.37 

Serine 86.9b      95.0a     84.0b      94.1a 1.47 

Lanthionine 79.8b      84.6a     66.6c      76.8b 2.03 
FeM1, feather meal 1; PTFeM1, pre-treated feather meal 1;  FeM2, feather meal 2; PTFeM2, pre-treated feather meal 2    
1Calculated values 

2Pooled standard error (n = 12) of a mean of all diets. 
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 Table 5.7 - Analysis of the deconvoluted FT-Raman spectra of FeM1, PTFeM1, FeM2 and PTFeM2. 

 

     Band area (AU)1 Effect of treatment  

on band area2  

  Band area (AU)1 Effect of treatment  

on band area2 Peak Components  FeM1 PTFeM1  FeM2 PTFeM2 

a Bunte salt, Ile, Thr 
 

0.014 0.014 No change  0.016 0.014 13% decrease 
          
b S-S; trans-gauche-trans 

 
0.029 0.024 17% decrease  0.034 0.039 15% increase 

c S-S; gauche-trans-gauche 
 

0.056 0.042 25% decrease  0.070 0.054 33% decrease 

d S-S; gauche-gauche-gauche 
 

0.063 0.033 48% decrease  0.072 0.041 43% decrease 

 Total S-S 
 

0.148 0.099 33% decrease  0.176 0.134 24% decrease 
          

E Elemental sulfur 
 

0.023 0.000 100% decrease  0.027 0.003 89% decrease 
          

F Sodium thiosulfate 

 

0.010 0.018 80% increase   0.012 0.024 100% increase 

1AU= Area of band divided by the area of the Amide I band in ingredient 
2 percent of change in the area of the bands in the PTFeMs relative to their respective band area in the FeM counterparts 
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Figure 5.1 - Deconvolution of the disulphide region (420-580 cm-1) of FeM1 and PTFeM1 FT-

Raman spectra. a: Bunte salt, Ile, Thr; b: SStgt; c: SSggt; d: SSggg; e: Elemental sulfur; f: Sodium 

thiosulfate. 
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Figure 5.2 - Deconvolution of the disulphide region (420-580 cm-1) of FeM2 and PTFeM2 FT-

Raman spectra. a: Bunte salt, Ile, Thr; b: SStgt; c: SSggt; d: SSggg; e: Elemental sulfur; f: Sodium 

thiosulfate. 
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Figure 5.3 - FT-Raman spectra of the normalized 980-1060 cm-1 region of FeM1 and PTFeM1 

and difference spectra obtained by subtraction of PTFeM1 from FeM1. 
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Figure 5.4 - FT-Raman spectra of the normalized 980-1060 cm-1 region of FeM2 and PTFeM2 

and difference spectra obtained by subtraction of PTFeM2 from FeM2.
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Figure 5.5 - Sulfitolysis of cystine by sulfite to give Bunte salt and cysteine thiol. 

 

Eslahi et al. (2013)  
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CHAPTER 6: GENERAL DISCUSSION 

 

 Feathers and other keratin by-products are generated in large amount globally by the meat 

industry. A fraction of those by-products are transformed into feather meal (FeM), a cost-

effective and high-protein feed ingredient used for the formulation of animal diets. Unfortunately, 

a largest part of those keratin by-products is not transformed into feedstuffs but disposed of 

through incineration or landfilling (Marcondes et al. 2008, Jin et al. 2011).  

 Raw keratin is made of over 90% of protein indigestible in its natural state (Mangold and 

Dubiski 1930, Moran et al. 1966). The high degree of disulphide cross-linkages between and 

within keratin peptides gives to this structural protein a distinctive resistance to gastric solvents 

and proteolytic enzymes (Fraser et al. 1972, Steinert 1993). 

 Steam-hydrolysis is the most popular method used by renderers to transform raw keratin 

into digestible feedstuffs. During that process, keratin is exposed to high moisture-pressure and 

heat. Those conditions enable the rupture of disulphide bridges and hydrogen bonds, breaking 

down the keratin protein into digestible peptides and amino acids. The hydrolyzed biomass is 

then ground and dried into a free-flowing powder called FeM. 

 FeM has seen little interest by animal feed formulators and manufacturers due to its highly 

variable nutritional value. This shortcoming makes precise formulation of animal diets with high 

levels of FeM difficult. Values of apparent digestibility coefficient (ADC) ranging from 58% to 

93% in rainbow trout were reported in the literature  (Cho et al. 1982, Sugiura et al. 1998, Bureau 

et al. 1999, Cheng et al. 2004, Glencross 2011). Variability in nutritional value of this ingredient 

is largely associated with the use of different raw materials, commercial processing systems, as 

well as processing pressure, temperature and time by renderers (Poppi 2009).  
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 Without success, several groups have attempted to improve the nutritional value of steam-

hydrolyzed FeM by incubating raw feather keratin in the presence of enzymes prior to steam-

cooking (Laporte 2007, Serwata 2007, Davies et al. 2009). However, studies demonstrated that 

the presence of a reducing agent or a disulphide reductase was indispensable to enable proteolytic 

enzymes to efficiently hydrolyze raw keratin into peptides and amino acids (Bockle and Muller 

1997, Yamamura et al. 2002, Ramnani and Gupta 2007). By rupturing the disulphide bonds, 

reducing agents enable the protein structure to unfold and allow proteases to cleave the peptide 

bonds to release short peptides and amino acids. Moreover, steam-hydrolysis of keratin prior to 

pre-treatment weakens chemical bonds and facilitates subsequent enzymatic hydrolysis. 

 Therefore, the development of a practical and cost-effective processing method for 

maximizing the nutritional value of FeM was developed and optimized in Chapter 3. The effect 

of enzyme loading, sodium sulfite level and digestion buffer level on the capacity of two 

commercial enzymes to hydrolyse FeM was evaluated using full factorial designs. Up to 45% of 

the total protein in FeM was solubilized into free amino acids when an optimal factor was applied.   

 The effects of the pre-treatment that we have developed on the bioavailability of arginine 

(Arg) and on the ADC of amino acids in two FeMs were evaluated using rainbow trout as a 

biological model (Chapter 4). Diets containing pre-treated feather meals (PTFeMs) supported 

significantly greater TGC than those formulated their untreated counterparts. The increased 

performance observed in fish fed the PTFeMs led to the conclusion that the pre-treatment 

successfully enhanced the bioavailability of the FeMs. 

 A second trial was carried out to assess the digestibility of amino acids in the diets used 

in the previous bioavailability trial (Chapter 4).  Results from this experiment revealed that the 

diets containing the PTFeMs presented significantly higher ADC in CP and amino acids than 
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their FeM counterparts. Accordingly, the diets formulated with PTFeMs contained higher levels 

of digestible Arg when compared to those containing the FeM counterparts. This information 

indicates that the enhanced performances promoted by the diets formulated with the PTFeMs 

were in part attributed by higher digestible Arg contents. 

 There is considerable evidence that protein hydrolysates have feed attractant properties, 

which stimulate feed intake and consequently, growth performance in aquatic species (Carvalho 

et al. 2004, Refstie et al. 2004, Kotzamanis et al. 2007, Chotikachinda et al. 2013, Ho et al. 2014). 

By enhancing the palatability of FeMs, the pre-treatment may have stimulated feed intake and, 

as a result, improved growth in fish receiving the PTFeM treatments (Chapter 4). Whether the 

pre-treatment improves the palatability of FeM needs to be addressed. 

 Protein hydrolysates are also well-reputed sources of bioactive peptides with 

antihypertensive, antioxidative, antimicrobial and immunomodulatory properties (Rutherfurd-

Markwick and Moughan 2005). Previous studies conducted with fish species demonstrated that 

protein hydrolysates derived from marine by-products enhanced growth performances by 

stimulating stress resistance and immunity (Gildberg et al. 1995, Tang et al. 2008, Bui et al. 2014, 

Khosravi et al. 2015). Several in vitro studies showed that keratin hydrolysates also presented 

similar functional properties (Ohba et al. 2003, Fakhfakh et al. 2011, Fontoura et al. 2014, Wan 

et al. 2016). Whether the enhanced growth performance observed in fish receiving the PTFeMs 

is partly attributable to the functional property of the bioactive peptides in the hydrolysate needs 

to be clarified in future trials.  

 Based on the significantly greater ADC of CP and of amino acids observed in the diets 

containing the PTFeMs when compared to those containing the FeM counterparts (Chapter 4), 

a last trial was carried out in order to determine the digestibility of those ingredients in rainbow 
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trout, and to investigate the chemical characteristics affecting their digestibility in rainbow trout 

(Chapter 5). The digestibility trial revealed that the PTFeMs had significantly (P < 0.05) higher 

ADC of CP and of most amino acids than their untreated counterparts. Those results demonstrated 

that contrary to Laporte (2007), Serwata (2007), and Davies et al. (2009), our enzymatic treatment 

significantly improved the ADC of amino acids and CP in FeM in fish.  

 FT-Raman analyses indicated significantly lower levers of disulphide bonds in the 

PTFeMs when compared to the respective FeM counterparts (Chapter 5). These results suggest 

that digestibility of CP and amino acids in FeMs is influenced by the disulphide content of the 

ingredient. Similar findings by Zhang et al. (2014) showed that the in vitro digestibility of FeM 

was inversely proportional to its disulphide bond content. Analyses of the disulphide 

conformation in the test ingredients indicated that the pre-treatment reduced the stability of the 

conformation of the disulphide bonds. These last results are in agreement with previous studies 

reporting that enzymatic hydrolysis reduces disulphide bridge content and conformational 

stability in keratins (Wojciechowska et al. 1999, Hou et al. 2014). This suggests that the pre-

treatment did not only reduce the amount of disulphide bond to cleave during digestion of the 

animals, but also made the remaining bonds easier to break down by gastric solvents and 

enzymes. This phenomenon may have increased the amount of digestible amino acids available 

for the peripheral metabolism and growth in FeM by rainbow trout. 

 Interestingly, no significant (P<0.05) difference in ADC of CP was observed amongst 

FeMs or amongst PTFeMs despite that FeM1 and PTFeM1 presented considerably lower 

disulphide bond conformers than FeM2 and PTFeM2 respectively. These observations suggest 

that the digestibility of protein and amino acids in FeM is not only influenced by disulphide bond 

content and other factors should be examined. FeM1 and PTFeM1 contained greater levels of the 
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cross-linked amino acids (CLAAs) lanthionine (LAN), lysinoalanine (LAL), and β-aminoalanine 

(BAL), when compared to FeM2 and PTFeM2 respectively. High heat promotes formation of 

CLAAs in proteins during the steam-hydrolysing and drying steps of FeM processing 

(Papadopoulos et al. 1985, Latshaw 1990, Latshaw et al. 1994). Higher concentrations of CLAAs 

in FeM1 and PTFeM1 as compared to FeM2 and PTFeM2, respectively, indicate higher degrees 

of heat damage inflicted on proteins during processing of FeM1 as compared to FeM2. There is 

solid evidence that the presence of CLAAs impairs the digestibility of CP and amino acids in 

treated proteins (Hayashi and Kameda 1980, Friedman et al. 1981, Chung et al. 1986, de Vrese 

et al. 2000). Moreover, a study with chickens reported an inverse relationship between the 

digestibility of CP in FeMs and their content of CLAA lanthionine. Therefore, CLAAs may also 

be good indicators of digestibility in feed ingredients. 

 Significant (P < 0.05) differences in bioavailability of Arg (Chapter 4), while no 

significant (P < 0.05) difference of ADCs of CP and of amino acids (Chapter 5) were observed 

amongst FeMs and amongst PTFeMs. As mentioned above, FeM1 and the PTFeM1 contained 

greater levels of CLAAs when compared to FeM2 and PTFeM2 respectively. Several studies 

revealed that CLAAs where indicators of racemization of L to D-amino acids (D-AAs) in treated 

proteins (Hayashi and Kameda 1980, Friedman et al. 1981, Friedman and Liardon 1985, de Vrese 

et al. 2000). Just like for CLAAs, D-amino acid formation is promoted in protein by high heat 

processing (Hayashi and Kameda 1980, Friedman et al. 1981, Friedman and Liardon 1985, de 

Vrese et al. 2000). The D-enantiomer of most essential amino acids have been shown to be 

completely unavailable or significantly less available for peripheral metabolism of growing 

animals when compared to their respective L-form (Baker and Boebel, 1981). The degree of 

bioavailability of D-Arginine (D-Arg) in fish is still unknown. However, D-Arg was shown to be 
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unavailable to rats and chicks (Baker and Boebel, 1981). Differences in Arg bioavailability 

amongst FeMs and amongst PTFeMs may have been the result of discrepancies in their relative 

D-Arg content. Consequently, D-amino acids may be good indicators of bioavailability in FeM.  

 A few studies demonstrated that dietary LAL and BAL can cause kidney lesions in rats 

(De Groot et al. 1976, Feron et al. 1978, Karayiannis et al. 1979). The detrimental dietary level 

of LAL in rats varies widely between studies, protein types (protein-bound vs free), protein 

sources (feed ingredient), and rat strains (De Groot et al. 1976, Karayiannis et al. 1979). As low 

as 100 ppm of dietary synthetic LAL was shown to cause renal lesions in rats while 1370-2630 

ppm, and 4970 ppm of LAL provided by alkali-treated soy protein and lactalbumin respectively 

were required to incite similar renal damage (De Groot et al. 1976, Karayiannis et al. 1979). Also, 

Feron et al. (1978) noted that 3000 ppm of dietary synthetic BAL negatively affect growth in rats. 

The levels of LAL and BAL measured in FeM1 and PTFeM1 were more than twice as high as in 

FeM2 and PTFeM2 respectively (Chapter 5). Using the CLAA levels measured in Chapter 5, 

we can estimate that the LAL levels in the diets formulated in Chapter 4 were approximately of 

150 ppm and 300 ppm in the low and high-FeM1/PTFeM1 diets respectively whereas they were 

of 60 ppm and 120 ppm in the low and high-FeM2/PTFeM2 diets, respectively. De Groot et al. 

(1976)  reported that LAL-induced nephrocytomegaly seemed to be species specific; they 

observed that 1,000 ppm of dietary synthetic LAL did not cause renal lesions in rabbits, quail, 

mice, hamsters, dogs or monkeys. Sensitivity of fish to those dietary compounds may have 

partially explained the discrepancies in growth performance observed amongst the fish receiving 

the FeMs and amongst those receiving the PTFeMs (Chapter 4). Whether fish are sensitive to 

those dietary compounds remain unknown and deserves to be investigated in future trials. 
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 The objective of this study was to improve and characterize the nutritional value of FeM. 

The results obtained in this study demonstrate that pre-treatment of FeM using sodium sulfite 

along with a protease significantly improves both, bioavailability and digestibility of amino acids 

in FeM in rainbow trout. Digestibility and bioavailability trials with other animal species (e.g. 

swine, poultry, ruminant, pets), would allow to determine the usefulness of our pre-treatment to 

other animal feed industries. In addition, studies confirming the functional and palatability-

enhancing properties of PTFeMs in animal diets would add to the benefits of our pre-treatment 

to the animal feed industry.  

 The results obtained in this study suggest that disulphide bond content, disulphide bond 

conformation, and CLAAs concentrations may be indicators of digestibility of CP and amino 

acids in FeM. Establishing a relationship between the concentration of CLAAs, levels of 

disulphide conformers and the digestibility of amino acids, of a greater number of FeMs could 

provide enough data to build a model to estimate the digestibility of FeM. 

 Some of our findings suggest that CLAAs are indicators of bioavailability in FeM. 

Previous studies have reported an inverse relationship between CLAAs and the digestibility 

FeMs. CLAAs concentration may indicate the degree of amino acid racemization into unavailable 

D-form. Establishing relationships between CLAAs and D-amino acids concentrations in a 

greater number of FeMs could provide sufficient data to build a model to predict the 

bioavailability of FeM.  

 Finally, combining models that predict the digestibility and bioavailability of FeM could 

enable building a comprehensive model that estimates the bioavailability of digestible CP and 

amino acids in this ingredient. Moreover, this approach could eventually be applied to build 

models to estimate the nutritional value of other feed ingredients. Accurate prediction of the 
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nutritional value of FeM would enable animal feed industry stakeholders to confidently formulate 

diets that fulfill all the nutrient requirements of the animals. As a result, feed formulators would 

increase the inclusion of FeM in animal diets, and consequently, would stimulate processors to 

recycle keratin by-products into animal feedstuffs.   
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