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Summary  
 

Animal nutrition is increasingly an integral part of animal production. Solutions for problems in 
animal production can be at least partly achieved by developments in animal nutrition. In the past, this 
was done on one hand by determining requirements and on the other hand by determining composition of 
feedstuffs and diets. In recent years, mechanistic modelling is used increasingly. In addition, nutrition is 
used increasingly to determine biological reactions of animals.  

Nutrition can also become important for finding solutions for welfare and behaviour, and for 
environmental pollution. Of course, nutritional improvements will be used for further improvements in 
production efficiency. Studying the other effects of nutrition on the animal will lead to new developments 
in nutrients for gut health and also in nutrient genomics. In addition, developments in the field of enzymes 
and technology will further enable the use of fibre rich feedstuffs more efficiently. This may provide an 
increase in animal production by improvements achieved with the use of non-starch polysaccharides in 
by-products for monogastrics. Areas of the world which can not be used for the production of cereals may 
be used for increased ruminant production. Also refer to: Verstegen and Tamminga, 2005. 

 
Introduction 
 

Animal nutrition is an integral part of animal production. It has changed drastically as a 
consequence of developments in the other disciplines of animal science and also because of changes in 
animal husbandry practices. Developments in disciplines have been so strongly related to one another that 
one discipline could not have developed in isolation without developments in the other. For instance, 
animals have been bred to have an increased production, but the expression of this enhanced genetic 
potential was only possible by continuous adjustment of nutrition to the genotype of the animal. On the 
other hand, developments in animal properties have led to research on possible changes in nutritional 
needs with regard to these developments.  

Similar connections can be made between nutrition and housing and between nutrition and 
developments in preventive medicine. Many changes have taken place in animal production systems in 
many countries after the 1950’s. As an example, changes in poultry in two decades in the Netherlands are 
presented in Table 1. Developments in housing have led to the general use of strawless systems in 
poultry, pigs and dairy cattle. More recently, however, straw is once again commonly used for some 
forms of production in cows and pigs. In some countries, cattle are increasingly housed in feedlot 
systems. In addition, developments in the nutritional sciences and related technologies have revealed 
insight in nutritional values and also in properties of many new agricultural products and by-products of 
the food industry. As an example, changes in typical diet composition of domesticated animals in the 
Netherlands in 1950 and 2005 are given in Table 2 for cattle and in Tables 3 and 4 for 1950 and 1988 and 
pigs and poultry (Vos, 1988).   
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In addition, society has become aware of consequences of animal production on the environment.  
In the European Union or EU, (as a follow up on initiatives of several member states) legislation is in 
place or in preparation on the connection of animals to surface area with regards to phosphorus (P) and 
nitrogen (N) excretion. The basic principle of this initiative is that no more N and P may be added than 
can be taken out by the plants and in addition some run-off. In addition, ammonia emissions need to be 
reduced drastically. So in the EU the N and P of excreta application on the land has to be in agreement 
with these regulations.  
  
Table 1. Changes in poultry production in the Netherlands in the two last decades of 2000.  Feed 

efficiency is feed/gain for broilers and feed/egg mass for layers. 
 

Broilers Weight (g) Feed (kg) Feed/efficiency 

1980 
1990 
2000 

1700 
2000 
2300 

3.2 
3.4  
3.5 

1.88 
1.70 
1.50 
 

Layers    
1980 
1990 
2000 
 

  2.50 
2.20 
2.05 

Table 2. Rations for a dairy cow (500 kg) producing 20 kg milk with 3.75% fat (kg. day-1) in 1950 
(Vos, 1988 and Dijkstra, 2005 personal communication). 

1950 2005  
10 kg grass hay (good quality) (29%) 
20 kg grass silage (not wilted) (58%) 
2 kg dried grass (5.8%) 
1 kg dried sugarbeet pulp (2.9%) 
1.25 kg compound feed (3.65%) 

33 % grass silage  
17 % fresh grass  
25 % maize silage 
4 % wet byproducts  
26 % compound feed 

From Table 2 it can be derived that in this time period maize silage has replaced part of the grain. 
 
Table 3. Compound feed composition (%) for fattening pigs, 50-100 kg live weight. 
1950 1988 
 
20 
17.5 
30 
10 
4 
4 
6 
5 
1.5 
 
 
 
 
 

 
maize 
barley 
rye 
sorghum 
grass meal 
coconut expeller 
soybean meal, solvent extract 
meat meal tankage1

Mineral and vitamin mix 

 
13.3 
37.9 
3 
0.2 
3 
10.9 
1.4 
15 
1.7 
7.5 
2.2 
2.5 
1.4 

 
peas 
tapioca meal 
alfalfa meal 
coconut expeller 
rapeseed meal, solvent. extract 
soybean meal, solvent extract 
hominy feed 
wheat middlings 
sugarbeet pulp 
cane molasses 
meat meal tankage1

feed fat1

Mineral and vitamin mix 

     1It should be noted that products from the rendering are no longer allowed because of the BSE cases. 
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Table 4. Compound feed composition (%) for laying hens. 
 
1963 1988 
 
40 
13 
10 
4.5 
5 
2 
5 
5 
2.5 
2.5 
3 
7.5 
 

 
maize 
sorghum 
oats 
soybean meal, solvent extract 
Sunflower meal, solvent extract 
sesame expeller 
maize gluten feed 
wheat middlings 
bran 
alfalfa meal 
fish meal 
Mineral and vitamin mix 
 

 
35 
10.3 
10 
1.2 
8.4 
8.3 
3 
3.6 
2 
5 
4 
9.2 

 
maize 
tapioca 
peas 
soybeans, heat treated 
soybean meal, solvent extract 
wheat middlings 
sugar cane molasses 
alfalfa meal 
feather meal, hydrolized1

meat meal tankage1

feed fat1

mineral and vitamin mix 

1It should be noted that these products are not allowed in the EU because of the BSE cases. 
 

In some countries such developments have led to completely different diets to meet the changed 
nutrient needs of animals. In recent years, scientific progress in molecular biology has added new 
possibilities for biologically active substances to be used in animal nutrition. With regard to future 
developments in nutrition, society will increasingly put constraints on methods of use and keeping of 
animals and products to be used in diets for animal production. An example being put into practice is the 
ban on the use of all antibiotics as growth promoters in animal nutrition from January 2006 onwards by 
the European Union. Also in other countries developments in that direction are taking place, so 
alternatives need to be found. 

For nutrition, this means developments which involve the use of specific components of plants 
for the health of animals or for the quality of production. In the following, a few aspects of developments 
in nutrition will be pointed out and subsequently certain challenges for the 21st century will be identified 
and discussed. 

Animal nutrition will face a number of changes. It is unclear, however, in which direction animal 
production will develop. There are the recent developments with regard to the expanding EU and with 
changes as a result of developments in GATT (General Agreement on Tariffs and Trade). It will depend 
on how animal nutrition copes with consequences of these developments. In addition, the rapid growth in 
China and India will give rise to increased demand of animal products. 

 
Technical developments in nutrition itself will probably continue to focus on: 

 
a) The development of mechanistic models as new feed evaluation systems are based on available 

nutrients rather than energy and protein and how to incorporate the increasing knowledge on the 
reaction of animals to nutrition in such mechanistic models. 

b) The increase in feed needed for companion animals. These animals each have specific needs 
which will be studied more in future. 

c) The development and application of nutrition systems, which do not compromise animal welfare 
and ethics. 

d) The identification and investigation of components in the feed, which have a biological activity 
and can be used for specific functions. 

e) Studies on kinetics of the gastro-intestinal tract as a digestive system as well as a defence barrier 
to the outside world. 
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f) The investigation of possible functions of dietary carbohydrate fractions with regard to their 
influence on microflora activity and how to deal with interactions between components.  

g) The improvement of the prediction of digestion by further developing in-vitro techniques. 
h) Developments in the field of molecular biology which are related to nutrition like the 

development of nutraceuticals and other compounds by using techniques like nutrigenomics and 
proteomics. 

i) Nutrition and environment. How nutrition influences composition of excreta and its effects on the 
environment.  

 
Developments in animal nutrition until 1960 

The understanding of nutrition was developing rapidly in these years. The role of nutritionists 
until then had been to formulate diets, rations or supplements from the knowledge of animal needs and 
feeding value. Around the turn of the 19th century, it was soon recognised that animals required proteins, 
fats and carbohydrates. Most progress until 1920 was made with regard to these nutrients as well as on 
energy utilisation, and less on minerals and vitamins (Church and Pond, 1982). After 1920 there was a 
rapid development in our knowledge in the field of vitamins, amino acids, essential fatty acids, macro and 
micro minerals, and energy metabolism.  

For nutritionists, the first priority was to prevent nutrient deficiencies. There was rapid 
development in the field of requirement estimates and many organisations aimed at getting the research 
information into feeding tables, which were then rapidly applied to feed formulation. The need for 
specific elements, other components for several classes and categories of animals were recognised. These 
tables have been often updated and provided a wealth of information for students, nutrition specialists and 
for the practice of animal production. 

In energy metabolism research was aimed at systems, which could be used to express energy 
value of feeds on the one hand, and energy requirements of animals at the other. These systems were 
intensively discussed in a whole series of symposia on energy metabolism of farm animals starting in 
1958 in Copenhagen and held every three years until now. 

In protein metabolism, such symposia were also held in which developments in the field of 
protein and amino acid metabolism were discussed, first by animal species but in recent years more and 
more by functions like growth and reproduction. Comparative aspects between species have been focused 
on in recent symposia. Discussions during these symposia by researchers highlighted the need to obtain 
more basic and mechanistic aspects of the utilisation of energy and nutrients. 

In this period renewed interest in mineral metabolism led to various new research programs. 
These were also conducted in humans with regard to the interaction of minerals and other dietary 
components. 

Every few years the National Research Council (NRC) in the United States and Canada, and the 
Agricultural and Food Research Council (AFRC) in the UK and similar organisations in many other 
countries published revised editions of books on nutrient requirements of farm animals and other species. 
These were then used to determine energy and nutrient needs of animals and to derive proper diets. In the 
last two decades, these tables have been extended to more classes of animals, distinguishing between 
genotypes and different production levels. On the other hand it should be noted that until the 1970s, most 
studies leading to these tables were still based on the concept of considering the animal as a black box. It 
is now becoming more and more apparent that an animal is a complex system in which a number of sub-
systems are integrated and also that nutrient requirements may differ between sub-systems. For instance, 
in a ruminant the requirements of the rumen microbes differ widely from that of the mammary gland. 
Likewise, in poultry the requirement of the ovary and associated organs may be completely different from 
that of other organs. In all animal species the digestive tract and its requirements receives much attention, 
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not only because of its digestive function, but also because it is recognised to be an extremely important 
defence barrier to the outside world. 

Present developments 

Modelling 

Around 1970, scientists started to build simulation models to derive at and predict the animal’s 
responses. This development of models was done to enable prediction of growth from properties of the 
dietary components and of the animal. The original models were mostly deterministic and the regression 
approach was used most (see Moughan, 1995). However, mechanistic models also started to emerge.  

Nowadays, most modelling by researchers is done on the basis of the mechanistic approach. In 
such an approach it can be speculated that this will make most feed tables obsolete in the future (Black, 
1995). However, some tables will probably continue to exist to enable students to get acquainted with 
quantities but also to provide the modellers with information from the tables. Also nutritionists can derive 
data on amounts in order to avoid non-realistic and non-possible values. The models will be based on 
different nutrients, which are derived from digestion in the gastrointestinal (GI) tract. Furthermore, the 
use of nutrients on intermediate processes for different purposes can be modelled. 

It should be noted that establishing nutrient requirements was mostly based on long-term studies. 
This meant that mostly adaptation to a diet was allowed before the measurements started. Adaptation to a 
diet in pigs was often one week or more and in ruminants a couple of weeks. On the other hand, on actual 
farms changes in diet may occur within a few days (eg. new grazing pasture) or abruptly with a new diet 
formulation or when a new batch of feedstuff becomes available. So in addition to the measurements after 
adaptation also short-term adaptation to feeds and strategies will need to receive further attention. 

Also short-term adaptation to climatic and other environmental conditions have hardly been 
studied with regard to nutrition. Until now most studies on metabolism with regard to nutrition give data 
on a 24 hour basis while metabolic rate will vary at least 50% within a day depending on the time scale 
used. Similarly, protein metabolism data on a 24 hour basis are used while the post prandial and post 
absorptive fate of amino acids may be different (Nolles personal communication). The rate of digestion in 
the GI tract determines the rate of absorption thus differences in absorption may occur as a result of 
asynchrony.  It can be expected that the rate of hydrolyses of components in a diet can be important for 
variation of metabolism within a day and this may even affect efficiency of production and health of the 
animal. 

The development of mechanistic models will enable researchers to evaluate the importance of 
asynchrony with regard to uptake and metabolism of absorbed nutrients. Instead of digestible, 
metabolizable and net energy, the nutrients supplied to tissues and organs will form the basis of future 
systems. 

Development of rapid in-vitro evaluation system 

As a consequence of the developments in plant breeding and technology in future, feedstuffs 
derived there from will show much larger variation between feedstuffs with the same name compared to 
present-day feedstuffs. The composition, digestibility and availability of these new feedstuffs have to be 
known to properly evaluate them and include them into diets. New developments will probably lead to the 
inclusion of ‘availability’ rather than ‘digestibility’. Therefore, there will be an increasing need for in 
rapid in-vitro test to determine these properties. Currently most of these so-called “rapid bioassays” are 
still time consuming and in-vitro or proximate-analyses based systems take at least 48 hours to complete 
(Leeson et al., 2000). 
 

Near infrared reflectance spectroscopy (NIRS) is a technique that determines some of the before-
mentioned properties and performs them within minutes. Further, according to these authors, NIRS has 
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the potential to be a reliable method for predicting amino-acid content and availability. This technique has 
been used also to determine digestible energy (DE) content in diets (see Leeson et al., 2000). 
 
Other side effects of feeding animals  

Issues pertaining to the environment have been at the forefront for the last few decades. In the  
Netherlands it started with a focus on nitrogen (N) and phosphorus (P). As a result, P emission has been 
reduced drastically, as shown in Table 5. 
 
Table 5. Developments in intake and excretion of N and P in pigs in kg/pig. (25-110 kg) (Jongbloed, 

1999) 
Year        In feed Feed/gain        Emission 

 P N  P N 

1973 7.4 23.8   3.37 1.62 4.74 
1983 6.2 24.4   3.08 1.18 4.30 
1992 5.0 26.9   2.86 0.77 4.46 
1996 4.7 26.7   2.74 0.67 4.13 

This table clearly shows the enormous reduction in P emission per animal. The European 
Commission also focuses on regulation of N and P emission from animal production to the environment. 
Ammonia and N emission of all farm animals will be regulated to avoid enrichment of ground water with 
nitrate and P is used also to avoid eutrification.   

Future developments 

Human population increase 

Animal nutrition will depend on 
the availability of feedstuffs to provide 
feed to them in addition to the need of the 
growing human population. It is expected 
that the demand for meat and other animal 
products will sharply increase as a result 
of an increasing human population (See 
Fig 1, Pinstrup-Anderson et al., 1997). 

The rise in the demand for cereals 
and other vegetable products will however 
be much more than for animal products, as 
can be seen in Pinstrup-Anderson (1999) 
and Scott et al. (2000). 

According to these studies China 
will have the largest increase in demand 
for both meat as well as cereal products. 
Choct (2005) stated that in China in 1961 
the average Chinese person ate 3.8 kg of 
meat per year. In 2004, the average is up 
to 54.9 kg per person. The extra animal feed for this increase has to be produced in addition to the extra 
need for human consumption. In India the consumption of meat is now 5.5 kg per person. The projection 
according to Choct is that in 2050 this will be 30.4 kg and that this will require almost 100 million more 
tonnes of feed. His suggestion is that now we are feeding about 70% cereal grains and 25% protein 
sources which is only digested by 75-80%. Why so much waste? According to him that is because 

Figure 1. Increase in world population, 1995-2020.  S. 
Asia = South Asia: SSA = Sub-Saharan Africa; E & SE Asia = 
East and South East Asia; WANA = West Asia and North Asia; 
LAC = Latin America. 
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digesting fibre by the animal is very 
difficult. By using enzymes that can 
help digest about 500 million tonnes of 
fibrous by-products better, meat 
production could be elevated. In this 
respect it can be a big factor. But will 
the change be so big? 

In addition, with increasing 
prosperity of countries, companion 
animals will increase in numbers and the 
field of animal nutrition will 
increasingly study these animals.    

The studies of the International 
Food Policy Research Institute (IFPRI) 
mentioned above predict that it will be 
an increase in crop yield rather than an 
increase in area used for cereal 
production that will be responsible for 
the increase in total production. 
Combined with some of the effects 
suggested by Choct about increased use 
of enzymes to digest non-starch 
polysaccharides (NSP) from cereals, this 
can give some room for increase in 
production of animal products. 

Figure 3. Total demand for cereals and meat products, 1995-2020. 

Figure 2. Share of increase in global demand for cereals, 1995-2020.

Concomitantly with these 
developments, there will be an increasing 
pressure on animal production systems to 
use fewer products that can be used by 
humans. This means that there will be an 
increased pressure and need to use products for animals that are not used by humans. Requirements for 
food (humans) and feed (domesticated animals) are best compared and illustrated by using a common 
denominator (i.e. biomass maintenance and biomass production) (Table 6, Tamminga et al., 1999). 

Table 6. Size and annual formation of new biomass of the 1997 world population of humans and 
domesticated animals (calculated from FAO, 1998). 

 
Number  Biomass        Annual Production 

      (x109)  (x106 tons)     (x106 tons) 
 
Large ruminants  1.41    332  52.6 
Small ruminants  1.57     36   9.9 
Monogastric  1.36     47  87.2 
Fowl  13.9     12  58.1 
Total animal population   18.2    427 207.9 
Human population     5.7    226  22.5 

 
When expressed in biomass, the human population accounts for about 226 million tons. The 

animal population is about twice that size (427 million tons), of which nearly 85% are ruminants, which 
are less competitive to humans than non-ruminants. However, the estimated annual formation of new 

 7



biomass by monogastric farm animals exceeds that of the human population by a factor 7. Requirements 
for maintenance and biomass formation in terms of concentrates can be estimated at 1000 and 100 million 
tonnes for humans and 500 and 500 million tonnes for domesticated animals (Tamminga et al., 1999). 
Increasing animal production through pigs and poultry should therefore primarily be achieved by 
increasing productivity.   

Increasingly, and most notably in developed countries, society gives signals to animal producers 
that it will demand that animal production in future be animal friendly and sustainable. The human food 
chain, including animal products has become an ethical issue. Also the intrinsic value of animals should 
be recognised. Food from animals should be safe, environmentally friendly and produced in a (animal) 
welfare friendly system. This means that emphasis will be less on maximising production but increasingly 
on optimising production. It will be a matter of debate as to what is exactly meant by optimised 
production. Probably, this will be at such a level that marginal efficiency is still considerable, but no 
longer approaching zero, as is often the case nowadays. Society is signalling to producers that animal 
production is not just a commodity. Intrinsic values of animals should be recognised more than has been 
done in various intensive systems developed over the last 25 years.  Also animal production will be held 
responsible for negative side effects of production such as the extensive loss of nutrients considered to be 
damaging the environment. Examples are the loss of phosphorus, nitrate, ammonia and other gases 
considered harmful to the environment, like nitrous oxides and methane. New techniques in animal 
production and animal nutrition as part of it will be able to take away the environmental side effects of 
animal production. However this has to be without causing other new negative side effects.  Technical 
development, however, does not always take into account the welfare and other ethical issues that have 
been raised in the last few years. 
 
Challenges in future animal nutrition 
 

In addition to challenges derived from ethics, quality, health, and environment, future animal 
production will face many other developments. These developments derive from the earlier mentioned 
changes in the number of humans, amounts and types of foods for humans their food residues, and 
humans preferences for foods of animal or vegetable origin. 
 
Feed Properties 

 
In modern feed requirement tables often a distinction is made between different types of animals. 

The development of animals with specific properties, by selection or through biotechnological techniques, 
which enables them to produce much more meat or milk or have other properties, will require even more 
different feed requirement tables, if models would not be available. Knowledge on functioning of these 
animals and their physiology will enable to develop proper feeding practices. 
 

In combination with the study on animals which produce, for example, more protein in their body 
compared to lipid it is important to study which components in the natural diet have effects on 
partitioning of protein and lipids. 
 

Research in food physics and food chemistry in recent years has shown that many as yet unknown 
feed properties can influence the animal. At the start of the previous century, many laboratories 
determined only a few classes of components in the diet based on the Weende analyses, (i.e. dry matter, 
crude protein, crude lipid, crude fibre and remainder of carbohydrates as N-free extractives and crude 
ash). From that, determining digestibility of these components derived the potential for feed for animal 
products. Many feeding systems were and still are composed on that basis. Developments since then have 
firstly recognised the nutritional role of amino acids as components of (crude) protein. It was also 
recognised that in crude fat polyunsaturated fatty acids (PUFA) play a completely different nutritional 
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role than the saturated fatty acids. More recently it has been recognised that the carbohydrate fraction can 
also be divided into a range of components with different nutritional functional properties. 
 

In ruminant nutrition it has long been recognised that an important component of carbohydrates, 
structural carbohydrates, are essential for proper functioning of the rumen and its microbial fermentation. 
Further developments have been to characterize and define the quality of structural carbohydrates as 
Neutral Detergent Fibre (NDF), Acid Detergent Fibre (ADF) and Acid Detergent Lignin (ADL). 
Nowadays, non-structural carbohydrates are receiving more attention.  They are divided and characterised 
in terms of soluble sugars and starches of different origin and differing in rumen degradation rates and 
hence also in rumen resistance. It was also realised that the microbial population in the foregut may have 
requirements for nutrients and energy different from that of the whole animal.  

 
A somewhat comparable development is foreseen for non-ruminants. In non-ruminants it was not 

until starch was determined routinely that interests in carbohydrates began. The determination of starch 
made it possible to divide the residual fraction in the Weende analysis called N-free extractives or Nfe 
between starch and a non-starch residue. The nutritional significance of physical and chemical aspects of 
this residue is now extensively explored. 
 

In connection with this, properties of feed not directly related to nutrients and nutrient density, are 
and will become even more important. Some of these properties are connected to physical structure, 
influence of feed components on activity (eg. animal welfare), influence of feed components on the 
activity of microorganisms in the GI tract, biologically active components in the feed, additivity of 
properties of different feed components in one diet, use of enzymes and immunomodulation compounds. 
 

Physical structure, has always been a component of the nutrition of ruminants and nowadays also 
in other animals like poultry (Bedford and Schulze, 1998). The viscosity, one aspect of physical structure, 
of feed components in poultry feed components are now routinely determined, since it is well known that 
high viscosity in a chicken diet reduces digestibility, especially in young chickens (Table 7). Similar 
effects of viscosity were found by Langhout (1998). Physical structure in terms of rigidity in poultry diets 
is also important with regard to functional properties (i.e. fineness) and also with respect to gut health. 
 

Table 7. NSP and fecal nutrient digestibility in broilers. 
 
 Protein Fat Starch 
HV* barley 
HV* barley & glucanase 

77.1b

83.7a
72.3a

86.2b
95.8b

97.9 
 

*High viscosity barley (3.8% betaglucose, 13.3 mPA5 water extract viscosity) 
a,b values in column; (P<0.05 Almirall et al., 1995) 
 

Although in diets for pigs viscosity is of less importance than in chickens, probably due to 
increased water intake and increased retention time, physical properties are also of major importance. 
Like in poultry, fineness and particle size are important with regard to the risk of developing stomach 
ulcers. Processing in general will alter accessibility of carbohydrates for enzymes in the GI tract. 
 
Influence of specific components in the diet on activity and on animal welfare 
 

In animal feed evaluation systems it is generally assumed that maintenance is not influenced by 
the diet.  Recent studies however show that inclusion of fermentable carbohydrates in the diet of pigs can 
change their maintenance requirements (Schrama et al., 1998, Wenk, 2001). In humans, studies have 
shown that food and specific components of food can affect mood and alertness. This is probably also true 
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for animals. It is not established yet which components in the diet or which fermentation end products are 
responsible for that. Future developments in research will probably show that many more components in a 
diet serve a specific purpose: physically, by determining conditions in the GI tract and by influencing the 
time after a meal at which various nutrients become available for absorption; and chemically, by 
influencing how much of the nutrients are digested and adsorbed. 

 
Another dietary component, which has received and is still receiving a lot of interest are the non-

starch polysaccharides (NSP). The NSP fraction of a diet contains all the carbohydrates that cannot be 
digested by the animal's own enzymes, but which are degraded by the microflora in the gut. In research 
there is increasing interest in NSP in the diet not only as NSP itself but also about the possibilities to use 
each component of NSP in human and animal diets. 
 

The interest in the role of dietary NSP is increasing because of the high priority and demand of 
the cereals for human consumption. Increased use of cereals for human consumption will result in more 
by-products becoming available. These by-products often have a high level of NSP.  
 

Until now, one energy value has been given for fermentable non-starch polysaccharides in diets 
for pigs. From different studies, it is questionable whether one value for the utilization of different 
digestible non-starch polysaccharides for pigs can be used. Recently Rijnen (unpublished results) showed 
that fermentable NSP of different origin (NSP from sugarbeet pulp, soybean hulls and coconut meal) each 
may have a different effect on physical activity of pigs. 
 
Specific effects of feed components on gut microbiology 
  

Another aspect of NSP is its connection to microbial activity. Dietary manipulation of microbial 
activity by specific carbohydrates is a topic which will get much more attention in the coming years. 
Especially with the ban on Antibiotics as Growth Promoters (AGP) imposed in the European Union. The 
interest in other methods to manipulate microbial life in the GI tract has increased and will increase 
further. Anderson et al. (1999) suggested that indigenous micro biota in the small intestine can depress 
the amount of nutrients to be absorbed from the diet. One aspect of this is that the micro flora will 
compete with the animal for nutrients and secondly that toxic metabolites will affect the gut wall and 
increase its turnover. 
 

Both of these aspects could potentially contribute to reduced growth. For example, Vervaeke et 
al. (1979) suggested that 6% of the net energy in a pig’s diet could be lost due to bacterial utilization of 
glucose in the small intestine. It has also been shown that blocking urease activity in the GIT, which 
reduces ammonia release from urea, increased growth. Amidst the uncertainty, there is at least sufficient 
evidence to show that the growth promoting effect of antibiotics is due to a mechanism in the GIT and not 
elsewhere in the body. Antibiotic growth promoters are thought to reverse this microbial-induced growth 
depression. This means that there is an increased availability of nutrients and/or reduction in the 
maintenance costs of the gastrointestinal system. In the search for alternatives to antibiotics, it would 
therefore be logical that such alternatives would also act according to one of these two mechanisms. 
 

Until now, our knowledge of how we can stimulate beneficial microflora in the GI tract is very 
limited (Williams et al., 2001). It can be expected that some carbohydrates are the primary sources of 
prebiotics as alternatives to antibiotics. 
 

These carbohydrate compounds can be considered as potential alternatives for AGP when they 
directly or indirectly favor or mimic one of the actions of AGP. Prebiotics have been defined as non-
digestible food ingredients that beneficially affect the host by selectively stimulating the growth and/or 
activity of one or a limited number of bacteria in the colon leading to an improvement in host health 
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(Gibson and Roberfroid, 1995). The purpose of prebiotics is therefore to provide a substrate for beneficial 
GIT microbes (e.g. Bifidobacterium spp.; Lactobacillus spp.). Most of the compounds investigated to 
date, have been a form of carbohydrate.  

As indicated earlier, in traditional feed characterization (e.g. proximate analysis), no 
differentiation is made between different classes of carbohydrates. However, for cereal grains, at least 
80% of the components are carbohydrates, of which 70-90% are composed of starch. Thus, the remaining 
fraction of which NSP is an important component can make up 10-30% of the carbohydrates present in 
grain. Part of these ingredients belonging to NSP is soluble and part is non-soluble. 

The large intestinal bacteria are probably well adapted to dynamic changes in their nutrient 
supply. Some are more specialized in the hydrolysis of plant polysaccharides and may produce small 
molecular weight carbohydrates from large polymers. Non-starch polysaccharides are increasingly being 
studied, both in relations to their effect on GIT function and on the volatile fatty acids, which are 
produced. Certain carbohydrates are now recognized as having prebiotic activity in the large intestine.  
 

It has been estimated that 40-60% of non-digestible oligosaccharides (NDO) and up to 20% of the 
other NSP, are actually fermented in the small intestine of pigs. This confirms that the high numbers of 
active bacteria present in the small intestine are potentially capable of fermenting carbohydrates. 
Fermentation in the small intestine has been shown to occur in piglets (Houdijk, 1998) and in young 
chickens (Smits, 1996). 
 

From studies in Wageningen (see Alles, Houdijk, Van Laere, and Hartemink: In Hartemink, 
1997) it became clear that many NDO might be fermented too quickly. In piglets, some NDO are 
completely fermented before reaching the large intestine (Houdijk, 1998). Under these conditions, 
bacteria in the large intestine are forced to use protein as an energy source leading to an increased 
production of branched-chain fatty acids and ammonia. Thus future research may focus at a better control 
of fermentation in the GIT, with the aim of a more continuous fermentation of carbohydrates along the 
entire GIT. Houdijk (1998) concluded that NDO as such, have so far shown little growth promoting 
effect, but may still contribute in some cases, to better GIT health. 
 

The importance of location of the fermentation of the prebiotics (e.g. NDO) has been 
demonstrated and various approaches have been used to study this. Mostly they require animal 
experiments which are sometimes invasive. New in-vitro techniques will also be developed which may 
mimic a location of fermentation or a site of fermentation. One such method has developed by Minekus 
(1998) for humans and pigs and by Smeets et al. (1999) for dogs. 
 

Their model can simulate the dynamic conditions in the stomach and small intestine by 
mimicking; a) physiological transit time and peristaltic movements; b) concentrations of electrolytes and 
enzymes; c) pH values in different parts and d) absorption of digested products. They also developed a 
large intestinal section of the model. It was shown that inulin, soy polysaccharides and fructo-oligo-
saccharides (FOS) were already partly fermented at the beginning of the large intestine. Inulin and arabic 
gum were completely fermented mid-way along the large intestine. On the other hand, resistant starch and 
∝-cellulose were fermented only in the latter part of the large intestine. Houdijk (1998) discussed why a 
continuous fermentation throughout the large intestine may be beneficial. In each segment of the GIT 
there has to be an appropriate carbon to nitrogen (C/N) ratio (Borg-Jensen, 1993). There is considerable 
evidence that under non-optimal conditions of husbandry, NDO may have a beneficial effect on young 
animals. Also, the combination of NDO and probiotics could be beneficial under these circumstances 
(Mul, 1997). It can be hypothesized that a combination of various substances with different rates of 
fermentation will be effective in mimicking some of the antibiotic effects which have been suggested by 
Anderson et al. (1992). 
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If a substrate is rapidly fermentable so that most of the fermentation takes place in the small 
intestine, insufficient carbohydrate would then be available as an energy source for bacteria in the large 
intestine. This results in the fermentation of protein (other microorganisms, digestive enzymes, sloughed 
cells etc.) which, as was already described, will lead to the production of more Branch Chain Fatty Acids 
(BCFA) and release of ammonia. Indeed, it has been shown that in piglets fed easily fermentable NDO, 
more BCFA’s and ammonia were present in the intestinal chyme. This is considered negative for the 
animal (Anderson et al., 1999). 
 

At our laboratory, Bauer et al. (2001) performed a large study investigating the fermentation 
characteristics of a range of different carbohydrates. Using a modified cumulative gas production 
technique (Williams et al., 1995), fermentability was assessed according to the kinetics of gas production, 
VFA and ammonia production, and pH of the medium at the end of fermentation. The inoculums were 
taken from pigs, which had not received any of the substrates to be tested. Table 8 shows the half-time 
(T½) of maximum gas production (a measure of fermentation kinetics), and the ratio of branched to 
straight-chain fatty acids (BCR) of various tested carbohydrates as substrates in vitro. 
 
Table 8. T½  (half-time for asymptote of gas production -h) during fermentation of some products 

and ratio of branched to straight-chain fatty acids (BCR) (Bauer et al., 2001). 
 
Feed Ingredient T ½ (h) BCR 
Arabic Gum  24.5ab 0.079bc

Guar Gum  16.4b 0.082c

Xylan 29.5a 0.112b

FOS  16.8b 0.062c

TOS (Trans-galactooligosaccharide) 16.1b 0.137b

Sugarbeet pulp  15.1b 0.094c

Jerusalem artichoke inulin  22.9ab 0.127b

Chicory inulin 21.6ab 0.143 
a,b,c Superscripts which differ in the same column are significantly different (P<0.05)  
 

The results show that there can be large differences in the fermentability of different 
carbohydrates, both in terms of the rate of fermentation and also in the formation of end-products. 
 

Until now results of most studies on the beneficial effects of some carbohydrates are 
disappointing because the carbohydrates are disappearing from the gut too quickly. Therefore the rate of 
fermentation seems to be crucial. It can be expected that enzymes can be made that are specific to 
beneficial carbohydrates with respect to site, rate of fermentation, and species of micro flora to be 
influenced. 
 
Additivity 
 

Currently additivity of the feeding value of different feed components in feed evaluation systems 
is a basic assumption. Also the values for the feed and the requirements for animals should be expressed 
in the same way (parameter). The assumption of additivity has made it easy for nutritionists and feed 
manufacturers to compose diets from a large variety of ingredients. With studies on kinetics of digestion 
it has become clear that additivity does not always occur. 
 

In a large variety of studies (eg. Rerat (1985), Graham et al. (1966), Bakker (1996) and Smits 
(1986)) it has been shown that increased levels of NSP in a diet for non-ruminants decreases digestibility 
and absorption of nutrients from starch, protein and fats. The mechanisms for this are not completely 
understood but several have been suggested by de Lange (2000): a) endogenous losses in the small 
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intestine are increased with increased NSP (secretions, enzymes, mucus and the sloughing off of gut wall 
cells); b) viscous NSP in particular will reduce movement of enzymes and nutrients in the digesta and the 
mixing of these; c) feed components with NSP will mostly have some nutrients enclosed inside the cell 
walls, in this way the NSP physically prevents or limits the access of enzymes to the components to be 
hydrolyzed; d) microbial activity is changed and some toxins are produced in the small intestine; and e) 
alteration of morphology of the small intestine is mentioned in various studies (Bakker 1996). 
 

Bakker (1996) showed that the ileal and fecal digestibility of some nutrients are not predicted 
well from pure ingredients. Also for amino acids there may be a lack of additivity of apparently absorbed 
amino acids when low protein feeds are mixed with high protein ingredients. Nyachoti et al. (1997) and 
de Lange and Fuller (2000) concluded that by correcting apparent ileal digestible amino acids properly for 
endogenous amino acids can eliminate that part of non-additivity. However, the impact of microbial 
activity in the small intestine on the estimation of absorbed amino acids, nutrient and endogenous, from 
small intestine is not well known. If the kinetics of digestion and product to be produced can be properly 
quantified then they may be incorporated into models to predict nutrients absorption and the use of these 
in metabolism. 
 
Environmental Aspects 
 

Until recently, nutrition has solely focused on the amounts of nutrients that can be derived from 
ingested feed, so nearly all new feeding tables present the amounts of nutrients in feedstuffs. They also 
increasingly provide estimates of nutrients apparently absorbed from a diet and also estimates of non-
absorbed nutrients that can be found.  

 
Excreta was not considered to be a problem until recently. Nowadays, in many countries or areas 

farmers have to focus on ways to avoid adding minerals via excreta to the environment, which has 
become a burden. Most research has focused on the amounts of minerals and nitrogen (N), which are 
excreted, and not with the quality of the excreta (Figure 4). The quality of manure will become important 
issues in the 21st century. Some developments already show this. It is well known that by allowing proper 
microbial fermentation in the large intestine, more microbial biomass will be present in the excreta. This 
results in apparently lower amounts of digestible N, even though ileal digestible N may be the same. The 
other consequence is that there is less N in the urine. This is only true if fermentation continues in the 
large intestine of pigs (Houdijk, 1998). As a consequence, the C/N ratio in the manure is much higher, 

which is considered beneficial for 
soil life. Moreover, loss of N from 
the excreta may be less. Until now 
most emphasis has been on reducing 
total N in manure. It can be 
expected that by combining both, a 
reduced excretion and a shift from 
urinary excretion to fecal excretion, 
reducing N in feed will result in an 
increase in fermentative compound 
production. This will optimize the 
quality of the manure (Canh 1998). 
This aspect may hold for ruminants 
as well as the non-ruminants. 

N2O N2 NH3

N-fixation volatilisation

NH3

denitrification

N2O HN4
+

nitrification PLANT
NO2

-

NO3
- WASTE     ANIMAL

SOIL, WATER

Figure 4. Nitrogen cycling in nature. 

 
One of the biggest 

challenges of animal production is 
to have animals produce in a 
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sustainable way. This also holds true for a selection of those animals that are robust enough to stay 
healthy and keep producing. 

 
In recent years, some developments have taken place, which show that more specific attention 

can be placed on these animals. One such development was the occurrence of ascites in broiler chickens 
(Scheele 1996), Scheele et al. (1999).  Studies clearly showed that in broiler chickens ascites developed 
as a result of impaired oxygen transport capacity associated with low feed/ gain ratio.  Limiting the lysine 
in the diet clearly reduced ascites in one week in a sensitive strain of chickens. No effect was seen in a 
non-sensitive strain. Scheele (1996) explained this as a problem with selection against the maintenance 
level in chickens. This agrees with findings of Luiting (1991) who showed that in ageing hens, the  
animals with lower residual feed intake (low maintenance) showed much more signs of stress (losing 
feathers) than the animals with a high residual intake. One of the earlier studies of Vercoe and co-workers 
in the 1970’s in Australia similarly showed that selection for high efficiency (high heat tolerance) in beef 
cattle was only effective when a vigorous scheme of deworming was applied. If this was not applied, 
animals suffered much more from the parasites than controls. This may mean that when selecting for high 
efficiency the selection against adaptability and/or resistance must be avoided. The animal needs 
sufficient metabolic scope for adaptation in addition to high production. 
 
Conclusions 
 
Developments in animal nutrition and related fields will present many opportunities to help adjust animal 
production to address new regulations and other challenges. 
 
Animal nutrition can contribute to:  

• Production systems which do not compromise animal welfare and ethics 
• Reduction in undesired behaviours 
• Gut health  
• Development of in vitro nutrition testing systems 
• Developments in application of nutrigenomics 
• Solutions for environmental solutions 
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Summary 

While nutrition is unlikely to compensate for a lack of natural ability or inadequate physical 
training, there is a general belief that appropriate nutritional management is necessary for any horse to 
achieve its athletic potential. For racehorses and other elite performers (e.g. 3-day event or endurance 
horses), energy needs are as much as twofold higher relative to the non-working state. This high energy 
requirement represents the greatest challenge in the design and application of feeding programs for 
athletic horses. Traditional feeding programs emphasize use of high starch grains or grain by-products 
that potentially increase the risk for digestive tract disorders including gastric ulcers and colic. The more 
modern approach utilizes alternative sources of energy such as vegetable oils and feeds rich in non-starch 
polysaccharides (e.g. sugar beet pulp, soya hulls). Inclusion of these alternative energy sources facilitates 
a reduction in the level of starch feeding without compromising the caloric density of the ration. This 
approach is particularly important in the management of horses with chronic exertional rhabdomyolysis. 
There is some evidence that fat or oil supplementation of horses in training may enhance performance 
during exercise requiring single or repeated, high-intensity efforts. Enhancement in the capacity for fat 
oxidation following “fat adaptation” also may be beneficial for endurance-type exercise. The goal of 
future research should be development of feeding practices that reduce risk of disease and injury rather 
than boost the performance of athletic horses. 
 
Introduction 

Horses are used for a wide range of athletic pursuits for which the primary objective is winning. 
While nutrition is unlikely to compensate for a lack of natural ability or inadequate physical training, 
there is a general belief that appropriate nutritional management is necessary for any horse to achieve its 
athletic potential. That said, what constitutes an ideal diet is far from black and white, and feeding 
practices tend to be more based on tradition than evidence from well-designed scientific studies. 
Nonetheless, in the past 15 or so years there has been a considerable body of work regarding the effects of 
different sources of dietary energy on metabolism and athletic performance in horses, and the results of 
these studies have influenced feeding practices.  

This paper briefly reviews the physiological basis for the horse’s elite athletic ability, discusses 
contemporary information on the health and performance effects of the different sources of dietary energy 
fed to athletic horses, and provides some perspective on areas for future research.   

 
The Horse as an Athlete 

For its size, the horse is an extraordinary athlete, a characteristic that is the result of evolution of 
horses as grazing animals on the ancient prairies of North America. Survival in these open lands was 
enhanced by speed, to escape predators, and endurance, required to travel long distances in search of feed 
and water. These attributes are shared by pronghorn antelopes, another species that evolved on the 
prairies. The equid characteristics of speed and endurance were subsequently modified or enhanced by 
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selective breeding by humans. Horses have been bred or adapted to a large variety of uses. Large, heavy 
breeds of horses were bred for draft work, such as pulling plows, sleds or carts, or military work, such as 
the chargers that carried heavily armored knights into the battles of the Middle Ages. Lighter horses were 
bred for speed and endurance and were used for transportation, herding and sport. Thoroughbred race 
horses run at high speed (18m/s, 64km/h) over distances of 800 to 5000 meters, Standardbred horses trot 
or pace at high speed for distances up to 3600m, Quarter Horses sprint for 400m or less at speed as high 
as 88km/h, sometimes around figure of eight courses delineated by barrels (barrel racing), and Arabians 
trot or canter for up to 160km in a single day during endurance events (and over longer distances during 
multi-day races).  

The athletic capacity of horses is attributable to a number of physiologic adaptations (Hinchcliff 
and Geor, 2004). In some cases these adaptations are not affected by training, for example lung size, 
whereas others change in response to training, for example blood volume and maximal aerobic capacity 
(VO2max). The superior athletic ability of horses is attributable to their VO2max, large intramuscular stores 
of energy substrates (in particular glycogen), high mitochondrial volume in muscle, the ability to increase 
oxygen-carrying capacity of blood at the onset of exercise through splenic contraction, efficiency of gait, 
and efficient thermoregulation. The VO2max of horses is approximately 2.6 times that of similarly sized 
cattle, and on a body weight basis is approximately 2–2.5 times that of highly trained men (Hinchcliff and 
Geor, 2004). Horses have structural adaptations that enhance oxygenation of blood in the lungs, oxygen 
transport capacity of blood, and the ability to deliver oxygen to tissues. The large aerobic capacity in 
horses is associated with a number of factors including a larger maximum cardiac output and higher 
hemoglobin concentration (Hinchcliff and Geor, 2004). 

The presence of large amounts of readily available substrate, in particular glycogen, in close 
proximity to mitochondria is another factor that contributes to the horse’s elite athletic ability. The 
glycogen concentration in horse muscle (homogenate of middle gluteal m.) is approximately 130-150 
mmol/kg wet weight (550-650 mmol/kg dry weight), which is considerably higher when compared to sled 
dogs (70-80 mmol/kg ww or 330-350 mmol/k dw), or humans (80-140 mmol/kg ww) (Hinchcliff and 
Geor 2004). Glucose availability in skeletal muscle may be an important determinant of performance in 
this species during sustained exertion, in addition to the demonstrated effect of glycogen depletion during 
intense exercise (Lacombe et al., 2001).  

The rate of post exercise muscle glycogen replenishment is much slower in horses when 
compared to humans and other species. In humans, the ingestion of hydrolyzable carbohydrate at a rate of 
0.7-1.0 g/kg bwt every 2 hours results in muscle glycogen synthetic rates of 5-8 mmol/kg muscle/h during 
the 6-12 hour period after glycogen-depleting exercise, and complete glycogen replenishment is achieved 
within 24 hours (Kiens, 2001). By comparison, when hydrolyzable carbohydrate (e.g. glucose or glucose 
polymers) is provided orally the maximum rate of muscle glycogen synthesis in horses is approximately 
1-2 mmol/kg muscle/h, and as much as 48 to 72 hours is required for complete replenishment (Lacombe 
et al., 2004; Geor, 2006). As discussed below, the horse appears to have a limited capacity for the small 
intestinal digestion of hydrolyzable carbohydrates, and this may limit systemic glucose availability 
thereby restraining the rate of muscle glycogen resynthesis.  

 
Meeting the Energy Requirements of Elite Equine Athletes 

 In general, the role of nutrition and feeding in the management of athletic horses is to satisfy 
nutrient requirements while maintaining health and well-being. However, actual feeding strategies may 
vary widely because of the different demands of training and competition. For example, whereas the 
consumption of a high forage diet may be of benefit to an endurance horse via promotion of a large fluid 
reservoir in the hindgut, this strategy is not desirable in a racehorse because excess gut fill may be 
energetically disadvantageous during high-intensity exercise. Similarly, the rationale for nutritional 
intervention immediately before and/or during competition will differ between disciplines. For an 
endurance athlete, feed consumption before and during a race may enhance energy supply and delay the 
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onset of fatigue. On the other hand, for a racehorse the consumption of a meal within 1-2 hours of the race 
start is less likely to substantially impact energy use and athletic performance.  

 For racehorses and other elite performers (e.g. 3-day event or endurance horses), energy needs are 
as much as twofold higher relative to the non-working state (National Research Council, 2007). This high 
energy requirement represents the greatest challenge in the design and application of feeding programs for 
athletic horses. Traditional feeding programs have emphasized use of high starch grains or grain by-
products that potentially increase the risk for digestive tract disorders including gastric ulcers and colic. 
Poor appetite, particularly in racehorses, can also hamper efforts to supply the nutrients required for 
maintenance of body weight, condition and performance. 

 
Grain-Associated Disorders 

As a non-ruminant herbivore, horses evolved to utilize forages high in structural carbohydrates, 
with bacterial fermentation and production of volatile fatty acids in a highly developed large intestine. 
However, most often forage alone will not meet the energy needs of horses in hard athletic training. 
Traditionally, this energy deficit has been overcome via the feeding of feeds rich in starch (i.e. cereal 
grains and/or grain by-products), often with a concomitant decrease in the provision of forage when 
compared to the non-working state. For example, survey studies have indicated that racehorses weighing 
450 to 550 kg typically receive 4 to 6 kg of feed per day (40-50% of dry matter intake), with some horses 
receiving more than 8 kg per day (70% of DM intake) (Southwood et al., 1993). This approach is at odds 
with the digestive physiology of the horse. The horse has limited capacity for digestion of hydrolyzable 
carbohydrates (particularly starch) in the small intestine. Large starch-rich meals may overwhelm the 
digestive capacity of the small intestine and promote the flow of undigested hydrolyzable carbohydrate to 
the large intestine. This not only reduces the efficiency of feed utilization, but also increases the risk for 
digestive disturbances associated with excessive and uncontrolled fermentation of the undigested 
hydrolysable carbohydrate in the large intestine. Epidemiologic studies have demonstrated that grain 
feeding is a risk factor for colic, a costly and potentially fatal condition of horses. For example, Tinker et 
al. (1997) found a 5- to 6-fold increase in the risk for a colic episode when horses received more than 2.5 
kg of feed per day. Similarly, Hudson and colleagues (2001) reported that the feeding of more than 2.7 kg 
oats per day or a recent change in grain feeding (within the last 2 weeks) was associated with increased 
risk of colic.  

Gastric ulcer disease, a condition with high prevalence in athletic horses (80-90% of 
Thoroughbred racehorses in training), has also been associated with the feeding of a high grain, low 
forage diet (Andrews et al., 2005). There is substantial fermentative activity in the stomach of the horse 
after consumption of starch-rich meals, evidenced by increased lactate and VFA concentrations in gastric 
fluid. Furthermore, VFAs are injurious to gastric squamous mucosa particular under the prevailing acidic 
conditions within the stomach (pH ≤ 4.0) (Nadeau et al., 2003). The size of grain meals may affect the 
extent of intra-gastric fermentation and thus VFA production. Métayer et al. (2004) compared gastric 
emptying rate in horses fed a small (300 g/100 bwt) vs. large (700 g/100 kg bwt) high-starch feed. 
Although the calculated rate of gastric emptying (g/min) was higher with the large meal, gastric emptying 
in terms of percent of the total meal was much slower. Thus, with large starch-rich meals intra-gastric 
VFA production may be favored due to the large load of fermentable substrate and longer residence time 
in the stomach.  

Two forms of chronic exertional rhabdomyolysis (polysaccharide storage myopathy [PSSM] of 
Quarter horses and related breeds, and recurrent exertional rhabdomyolysis [RER] of Thoroughbreds) 
also have been associated with high starch (grain) diets (Valberg, 2006). High starch (and sugar) diets 
likely contribute to the pathogenesis of PSSM by enhancement of glucose uptake and storage (as 
glycogen) in skeletal muscle. Thoroughbred horses with a nervous temperament have a higher incidence 
of rhabdomyolysis than calm horses, and it is possible that diets with high starch contribute to disease 
expression via exacerbation of anxiety and excitability (Valberg, 2006).   
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Recognition of the association between grain (starch) feeding and gastrointestinal and muscle 
diseases has focused attention on the development of feeding strategies that mitigate risk of disease, while 
still meeting energy requirements. First, it is advisable to limit the size of individual grain-based meals to 
avoid “starch bypass” to the large intestine (e.g. no more than 2.0 kg feed per meal for a 450-kg horse). 
Second, only cereal grains with high pre-cecal starch digestibility should be included in energy 
concentrates for horses. Whereas oat starch (at up to 3 g/kg bwt/meal) has a pre-cecal digestibility of 
greater than 90%, approximately 35% of an equivalent dose of cornstarch reaches the cecum undigested 
(Radicke et al., 1991; Meyer et al., 1993). Similarly, the pre-cecal digestibility of unprocessed barley is 
substantially lower when compared to oats (Cuddeford, 2001). However, heat treatments such as 
micronisation, extrusion and steam flaking significantly improve the pre-cecal starch digestibility of 
barley and corn.  

The preferred strategy for mitigation of problems associated with the feeding of high starch feeds 
is to make more use of vegetable oils and sources of non-starch polysaccharides (e.g. sugar beet pulp, 
soya hulls). Inclusion of these alternative energy sources facilitates a reduction in the level of starch 
feeding without compromising the caloric density of the ration. This approach is particularly important in 
the management of horses with chronic exertional rhabdomyolysis (Valberg, 2006). The ideal amount of 
dietary oil for athletic horses has not been determined, and is an area deserving of further research. In 
many of the studies that have examined the effects of dietary fat or oil on metabolic responses to exercise, 
the ration provided approximately 20% to 25% of DE from fat (approximately 10% fat on a total diet 
basis). This level of fat supplementation appears to be considerably higher than that practiced by horse 
owners and trainers. In one survey of feeding practices applied to endurance horses, approximately 55% 
of horses were fed additional fat in the form of oil or rice bran. However, on a total diet basis, the average 
percentage fat was 2.3%, with a range of 1.45% to 6.9% (Crandell, 2002). 

 
Nutrition and Athletic Performance 

Do particular diets, supplements or feeding strategies confer athletic performance advantages? 
Certainly, the marketplace is overflowing with “special” supplements that promise to provide the equine 
(and human) athlete with a performance advantage, either by boosting athletic capacity or by mitigating a 
problem that may impair performance (e.g. osteoarthritis). Furthermore, use of these types of dietary 
additives is widespread (Harris, 1999), perhaps reflecting the desire of owners, trainers and riders to gain 
a competitive edge and/or assure the general health and well-being of horses under their care. 
Supplements may include essential nutrients or substances purported to have a role in metabolism (e.g. 
creatine, carnitine, branched-chain amino acids) or tissue function but that are not recognized as an 
essential nutrient (e.g. chromium, coenzyme Q10, herbal products, glucosamine). As reviewed elsewhere 
(Harris and Harris, 2005; Geor, 2006) for most, if not all, of these supplements there is little or no 
scientific evidence of efficacy in horses. In this author’s opinion, the key word in “nutrition supplement” 
is “nutrition.” In the context of feeding athletic horses, the addition of a supplement to the ration may be 
justifiable on nutritional grounds, but rarely on the basis of improved athletic performance. Of course, this 
view is unlikely to curb this highly lucrative sector of the equine feed industry.  

Another area of ongoing interest is the influence of dietary macronutrients (especially 
carbohydrates and fats) on exercise performance. This area has received considerable attention in human 
sports nutrition. For example, it is universally accepted that carbohydrate availability in skeletal muscle is 
an important determinant of exercise performance, particularly during moderate intensity exercise lasting 
1 hour or more, and feeding strategies (“glycogen loading”) that increase pre-exercise muscle glycogen 
content enhance endurance performance of human athletes (Hawley et al., 1997). 
 
Carbohydrate Loading 

The original glycogen loading protocols, pioneered by Bergström and colleagues (1967), 
involved a 3-4 day phase of hard training and a low carbohydrate diet for induction of muscle glycogen 
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depletion, followed by a 3-4 day loading phase of high carbohydrate intake and exercise taper. This 
protocol resulted in a more than 50% increase in glycogen content, hence the term “muscle glycogen 
supercompensation.” More recent studies have shown that well-trained athletes are able to achieve similar 
muscle glycogen supercompensation without the need to undertake a glycogen-depletion phase (see 
Kiens, 2001 for review). Nowadays, the more practiced method for glycogen loading in human athletes 
involves 3 days of exercise taper combined with a high carbohydrate intake (7-10 g/kg bwt per day).   

In horses, there also is evidence muscle glycogen content affects exercise performance (Lacombe 
et al., 2001). However, unlike humans, the phenomenon of glycogen supercompensation does not occur 
in horses (Lacombe et al., 2004) and only very modest (~10%) increases in muscle glycogen content can 
be achieved through dietary manipulation (i.e. an increase in dietary starch) (Topliff et al. 1985; Pagan et 
al. 1987; Essen-Gustavsson et al., 1991). Changes of this magnitude are not associated with improved 
performance of horses during moderate or high intensity exercise. It is also worth noting that in humans a 
daily carbohydrate intake of 7-10 g/kg bwt is required for a substantial increase in muscle glycogen 
content. For a 500-kg horse, an equivalent dose of hydrolyzable carbohydrate would require the 
consumption of 7 to 10 kg of oats (~50% starch) per day. This level of grain intake is not recommended 
given possible risk of hindgut disturbance and colic.  

 
Fat Adaptation 

There is widespread belief that adaptation to a fat- or oil-supplemented diet is associated with 
improvement in the athletic performance of horses. A number of mechanisms have been put forth as 
potential explanations for improved performance with adaptation to a fat-supplemented diet, including: 1) 
an improved power-to-weight ratio due to a reduction in DM intake and bowel ballast (Kronfeld, 1996); 
2) decreased metabolic heat production associated with feeding and exercise (Kronfeld, 1996); 3) 
enhanced stamina as a result of muscle glycogen sparing (Kronfeld et al., 1998); 4) improved sprint 
performance due to increased energy transduction from anaerobic glycolysis (Oldham et al., 1990; 
Kronfeld et al., 1998); and 5) mitigation of acidemia during high intensity exercise (Kronfeld et al., 
1998). Fat supplementation in horses is characterized by a dose-dependent increase in the activity of 
lipoprotein lipase and, in some studies, an increase in the activity of skeletal muscle citrate synthase and 
beta-hydroxy acyl-CoA dehydrogenase (Orme et al., 1997; Dunnett et al., 2002). These adaptations 
suggest that horses adapted to a fat-supplemented diet have increased capacity for the uptake and 
oxidation of fatty acids in muscle. Indeed, horses fed a diet providing approximately 25% of DE from fat 
have lower respiratory exchange ratio (Dunnett et al., 2002; Pagan et al., 2002) and decreased glucose 
utilization (Pagan et al., 2002) during low intensity (~25-35% VO2max) exercise when compared to the 
control diet. Thus, fat-supplementation enhances lipid oxidation and spares the use of endogenous CHO 
(plasma glucose, muscle glycogen) during low intensity exercise. Theoretically, such a glycogen-sparing 
effect could enhance the performance, particularly during endurance exercise in which depletion of 
muscle glycogen stores is one factor that can limit exercise capacity. However, it is noteworthy that “fat 
adaptation” does not result in a clear enhancement of exercise capacity or performance in humans (Helge 
et al., 1996; Burke et al., 2000; Burke and Hawley 2002). In fact, there is evidence of an increase in the 
perceived effort of training and an impairment of the response to training when the high-fat, low-
carbohydrate diet is maintained for periods longer than 4 weeks (Helge et al., 1996; Burke and Kiens 
2006). What was once viewed as a “glycogen-sparing” effect after adaptations to a high fat diet may 
actually be a reflection of a down regulation of carbohydrate metabolism (“glycogen impairment”). One 
study of human athletes has reported that fat adaptation is associated with a reduction in the activity of 
skeletal muscle pyruvate dehydrogenase (Stellingwerff et al., 2006). It was suggested that this decrease in 
pyruvate dehydrogenase activity could impair muscle glycogenolysis at a time when requirements for 
carbohydrate are high. The implications of these findings to equine sports nutrition are not known.  

Several studies have examined the effects of fat supplementation on exercise capacity or 
performance of horses. Some of these studies have been conducted under field conditions (e.g. a 
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simulated race) while others have employed treadmill exercise protocols (e.g. run time to “volitional 
fatigue” during low- or high-intensity treadmill exercise) (Eaton et al., 1995; Essen-Gustavsson et al., 
1991; Harkins et al., 1992; Meyers et al., 1989; Oldham et al., 1990; Pagan et al., 1987; Scott et al., 
1992; Topliff et al., 1985; Webb et al., 1987). Some authors have reported improved performance (Eaton 
et al., 1995; Harkins et al., 1992; Hyyppa et al., 1999; Meyers et al., 1989; Oldham et al., 1990; Scott et 
al., 1992; Webb et al., 1987) while others have found no change (Essen-Gustavsson et al., 1991; Hyyppa 
et al., 1999; Pagan et al., 1987). A number of factors could account for the variability in results between 
studies, including the type (e.g. animal vs. vegetable sources) and amount of fat supplemented, the 
duration of fat feeding, variation in the intensity and duration of exercise tests, the small number of horses 
per treatment (most often less than 6), and differences in the physical conditioning status of the horses.   

Harkins et al. (1992) reported that 14 of 15 horses ran a 1600 m simulated race faster when fed a 
corn oil-supplemented diet (3% DM for 3 weeks) compared to a control ration. Mean race time improved 
2.5 sec (2.1%) after consuming the fat-added diet, mainly due to increased speed over the first 200 m. 
This study by Harkins and colleagues (1992) is often cited as evidence for the ergogenic effects of fat 
supplementation. However, the design of this experiment was not ideal and its limitations warrant 
mention. First, the experiment was run in a longitudinal fashion with all horses completing the control-
diet race first, with the fat-diet race undertaken after a further 3 weeks of training. It is possible, therefore, 
that the observed decrease in simulated race time was due to training rather than fat (corn oil) 
supplementation. Second, the horses were fed hay in the control period but not when the oil-supplemented 
diet was fed. As a result, the horses received a larger percentage of digestible energy from starch, which 
could explain the higher muscle glycogen concentrations reported after the period of oil supplementation. 
Alternatively, it is possible the faster race time was associated with a reduction in gut weight (bowel 
ballast) due to decreased forage intake.  

In summary, although there is inconsistency in results there is some evidence that fat 
supplementation of horses in training may enhance performance during exercise requiring single or 
repeated, high-intensity efforts. Enhancement in the capacity for fat oxidation following “fat adaptation” 
also may be beneficial for endurance-type exercise. However, the adverse effects of high-fat diets on 
human endurance performance point to the need for well-designed studies that directly assess the effects 
of fat supplementation on the endurance capacity of horses. 

 
For the Future? 

Temporary or permanent loss of use due to skeletal (bone and/or cartilage) injury is the most 
important cause of economic loss in the equine industry. In some situations these injuries are catastrophic 
(e.g. breakdown injuries in racehorses), requiring euthanasia of the affected animal. Increasingly, 
concerns are being raised about the animal welfare implications of injuries sustained by horses, 
particularly those engaged in high profile disciplines such as Thoroughbred racing (Bailey, 1998). Is there 
a role for nutrition in mitigation of skeletal injuries? In humans, low birth weight may have adverse 
effects on adult bone mineral density and bone mineral content (Cooper et al., 2002), and research is now 
focused on the relationship between early development (including the intra-uterine environment) and risk 
of adult disease. Of particular interest are the findings of Verheyen et al. (2006) regarding the effects of 
dam age and parity on the rate of fracture in offspring in Thoroughbred racehorses in training for flat 
racing. These authors reported that foals from maiden mares (i.e. first foals) had a significantly lower 
fracture than foals born to multiparous mares, and the rate of fracture decreased with increasing dam age. 
These data raise questions concerning the effects of the intra-uterine environment on skeletal 
development and risk for injury later in life. Our knowledge of how diet during pregnancy affects skeletal 
development of the foal (both pre- and post-birth) is limited. This area of research may bear the most fruit 
in the context of advances in feeding management of the equine athlete. Indeed, from a welfare and 
economic perspective, our goal should be development of management practices, including nutrition, that 
reduce disease and injury rather than boost the performance of athletic horses. 
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Summary 

 The rapid increase in production of ethanol from corn and other grains and biodiesel from various 
fats and oils has resulted in growing quantities of byproducts from these industries, primarily distillers 
dried grains with solubles (DDGS) from the ethanol industry and glycerol from biodiesel production. The 
use of DDGS in poultry and swine diets is not new, but the supply of product encourages the use of 
higher percentages than has typically been used in the past. As greater quantities are used in the diet, it 
becomes increasingly essential that accurate nutrient values be assigned to the product. This review 
attempts to summarize results from various laboratories to provide a nutrient matrix that can be used to 
evaluate the potential use of DDGS in poultry feeds. Glycerol from biodiesel production has had limited 
use in animal feeds but results from recent feeding trials indicate that it can be useful as a pure energy 
source at levels up to 5% of the diet. 
 
Introduction 

DISTILLERS DRIED GRAINS WITH SOLUBLES 

 Byproducts of the distilling industry such as distillers dried grains and distillers dried grains with 
solubles (DDGS) have long been commonly accepted feed ingredients in broiler diets. Early studies have 
been extensively reviewed by Scott (1965, 1970). Due to their supply and price, these products were 
typically fed at levels not exceeding 5% of the diet. However, early studies demonstrated that higher 
levels could be used in nutritionally balanced diets. Runnels (1966; 1968) reported that 20% DDGS was 
successfully incorporated into broiler diets with performance equal or superior to that of chicks fed diets 
with corn, soybean meal, and fish meal. Waldroup et al. (1981) reported that when DDGS was included 
into broiler diets with the ME content held constant, up to 25% DDGS could be used without reduction in 
body weight or feed utilization. When included in diets in which the energy content was allowed to 
decline as the level of DDGS was increased, there was a decline in performance at DDGS levels of 15% 
or more. Potter (1966) found that isonitrogenous diets with 20% DDGS supported performance 
equivalent to control diets when fed to poults up to 8 wk of age. Couch et al. (1970) reported that up to 
37% DDGS could be used in diets for broiler breeder replacements. Jensen (1978) reported that 20% 
DDGS was acceptable in nutritionally balanced layer diets and contributed a factor that improved Haugh 
Units of eggs. Jensen (1981) stated that 20% DDGS could be used in diets for broiler breeder hens. 

 If the “modern” DDGS from fuel ethanol production is equal or superior in nutritional value to 
the “old” DDGS, it is reasonable to expect that satisfactory performance can be obtained when reasonable 
levels are included in nutritionally-adequate diets. Lumpkins et al. (2004) indicated that DDGS from 
modern ethanol plants can be safely used at 6% in broiler starter diets and 12 to 15% in grower and 
finisher periods. Lumpkins et al. (2005) suggested a maximal inclusion rate of 10-12% DDGS in diets for 
laying hens. Roberson et al. (2005) reported that 15% DDGS did not adversely affect performance of 
laying hens but suggested that lower levels of DDGS be used when introducing it into the diet.  
Swiatkiewicz and Korleski (2006) reported that up to 15% DDGS could be used in layer feeds; inclusion 
of 20% negatively affected laying rate and egg weight. Roberson (2003) noted that DDGS could be 
effectively included at 10% in growing-finishing diets for turkey hens if proper formulation matrix values 
for all nutrients were used. Noll and Brannon (2006) reported that performance of turkeys fed 20% DDGS 
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was not different from the corn-soybean control unless used in combination with high levels of poultry 
byproduct meal (8-12%). 

 Like any byproduct, several concerns exist regarding the use of DDGS in poultry feed. These 
relate primarily to the extent of overall nutrient variability. Major concerns include 1) variation in 
metabolizable energy content; 2) content and bioavailability of lysine; 3) content and bioavailability of 
phosphorus, and 4) variation in sodium content. In order to properly utilize DDGS, accurate information 
regarding the nutrient values for the specific product available is essential. While a general knowledge of 
the average nutrient content of DDGS in general is helpful, the extreme variability that has been observed 
in various studies raises a great deal of concern as higher usage levels are contemplated. These issues are 
addressed below. 
 
Variable nutrient content 

 Reliable nutrient values for DDGS are important for optimum use of this product in swine and 
poultry diets, and recent studies have provided information on various nutrients such as amino acid, 
metabolizable energy, and mineral contents of DDGS from new ethanol plants (Table 1).  
 
Table 1. Proximate composition and amino acid content of DDGS (%, as fed basis). 

 Reference1  
 1 2 3 4 5  

 n=118 n=150 n=20 n=5 n=8 
Component Mean CV2 Mean SD Mean CV Mean Mean SD 

Weighted 
average 

Dry matter 88.90   1.7 89.91 1.71 88.00 0.9    89.36 
Crude protein 26.85   6.4 26.05 2.32   28.12  26.45 
Fat   9.69   7.8 9.88 2.80 14.00 4.8    10.08 
Fiber   7.82   8.7 6.34 1.55       6.99 
Ash   5.15 14.7 4.39 0.87   4.00 5.0      4.67 
Arginine   1.07   9.1 1.11 0.13 1.00 1.09 0.16   1.09 
Histidine   0.68   7.8 0.65 0.69 0.06   0.68 
Isoleucine   1.00   8.7 0.92 0.18 0.98 0.97 0.06   0.96 
Leucine   3.16   6.4 2.87 0.63 3.07 3.05 0.14   3.00 
Lysine   0.76 17.3 0.71 0.17 0.73 11.6 0.64 0.71 0.16   0.73 
Methionine   0.49  13.6 0.50 0.12 0.49 9.7 0.48 0.54 0.06   0.50 
Cystine   0.54 0.10 0.52 11.3  0.56 0.04   0.54 
Phenylalanine   1.31   6.6 1.34 1.31 0.04   1.31 
Threonine   1.00   6.4 0.93 0.17 0.98 6.0 0.95 0.96 0.06   0.96 
Tryptophan   0.22   6.7 0.21 0.03 0.25 0.20 0.05   0.21 
Valine   1.33     7.2 1.27 0.22 1.30 1.33 0.07   1.30 
Serine   1.04 1.09 0.07   1.07 
1 1=Spiehs et al. (2002); 2=Fiene et al. (2006); 3=Parsons et al. (2006); 4=Fastinger et al. (2006); 5=Batal 

and Dale (2006). 
2Coefficient of variation. 

 
It is apparent that there is considerable variability in many of the essential nutrients. Because corn itself 
varies in nutrient content, concentrating these nutrients approximately three-fold exacerbates the 
variability in the residual DDGS. For example, Reese and Lewis (1989) reported that corn produced in 
Nebraska in 1988 ranged from 7.8 to 10.0 % crude protein, 0.22 to 0.32% lysine, and 0.24 to 0.34% 
phosphorus. In addition, the ratio of blending the distiller’s solubles with the residual grains to produce 
DDGS may vary among producers. Some producers add all of the solubles back, while some divert a 
portion for other uses including use as a fuel source for the ethanol plant. For most of the major nutrients, 
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Spiehs et al. (2002) reported almost as much variation within a source as between different plants. Thus, a 
continual quality control program to characterize the product will be essential if optimum usage is to be 
made of DDGS in a poultry formula.   
 
Amino acid content and lysine digestibility 

 Extensive analyses of the amino acid contents of DDGS samples have recently been reported by 
several investigators (Table 1). Mean values for lysine and methionine, the two most critical amino acids 
for poultry and swine, were similar, but considerable variability was observed. Fiene et al. (2006) 
conducted stepwise regression analysis on data from approximately 150 samples to predict total amino 
acid content from the proximate values of moisture, crude protein, fat, and fiber and reported the 
following equations and R2 values (in parentheses): 
 

Arginine: Y = 0.07926 + 0.0398*CP (0.48) 

Isoleucine: Y= -0.23961 + 0.04084*CP + 0.01227*Fat (0.86) 
Leucine: Y= -1.15573 + 0.13082*CP + 0.06983*Fat (0.86) 
Lysine: Y= -0.41534 + 0.04177*CP + 0.00913*Fiber (0.45) 
Methionine: Y= -0.17997 + 0.02167*CP + 0.01299*Fat (0.78) 
Cystine: Y = 0.11159 + 0.01610*CP +  9.00244*Fat (0.52) 
TSAA: Y= -0.12987 + 0.03499*CP + 0.05344*Fat – 0.00229*Fat2 (0.76) 
Threonine: Y= -0.05630 + 0.03343*CP + 0.02989*Fat – 0.00141*Fat2 (0.87) 
Tryptophan: Y= 0.01676 + 0.0073*CP (0.31) 
Valine: Y= 0.01237 + 0.04731*CP + 0.00054185*Fat2 (0.81) 

 
 The R2 values suggest that some amino acids (Ile, Leu, Met, TSAA, Thr, and Val) could be 
predicted with some success from the proximate values. However, others such as Arg, Cys, Lys, and Trp 
could not be predicted with a high degree of accuracy due largely to a lack of consistency of the amino 
acid to protein ratio in the samples tested. 

 Nutritionists are concerned not only with total amino acid content but also the digestibility. Of 
greatest concern with DDGS is the bioavailability of lysine, as during the process of drying DDGS the 
material is typically exposed to temperatures of approximately 315º C (600º F). The adverse effect of 
excess heat on amino acid availability and especially on lysine is well known (McGinnis and Evans, 
1947; Warnick and Anderson, 1968). Several recent studies have evaluated the digestibility of amino 
acids in DDGS and the results are summarized in Table 2.  
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Table 2. Digestible amino acid coefficients (%) of DDGS. 

 Reference1  
1 2 3 4 

n=8 n=47 n=20 n=5 
Amino acid Mean SD Mean SD Mean CV2 Mean 

Weighted 
average 

Arginine 84.1 6.6 85.2 3.46   88.3 85.3 
Histidine 84.1 5.7     85.3 84.5 
Isoleucine 83.3 4.9 81.8 3.56   84.1 82.2 
Leucine 88.6 2.0 89.3 2.49   90.2 89.3 
Lysine 69.6 11.5 65.9 9.50 72 11.2 76.5 68.5 
Methionine 86.8 3.4 86.1 2.70 88 1.9 88.5 86.8 
Cystine 73.9 9.7 77.6 4.98 77 7.7 81.6 77.3 
Phenylalanine 87.5 3.3     88.0 87.7 
Threonine 74.5 6.0 74.6 4.15 76 4.8 77.5 75.1 
Tryptophan 82.8 5.1 83.9 5.08   88.2 84.1 
Valine 79.3 3.3 81.8 2.85   81.4 81.4 
Serine 81.9 4.3     84.3 82.8 
11=Batal and Dale (2006); 2=Fiene et al. (2006); 3=Parsons et al. (2006); 4=Fastinger et al. (2006). 
2Coefficient of variation. 

 
 The digestibility of lysine is the lowest among the amino acids and also has the greatest 
variability. A rapid means of assessing the lysine digestibility in a particular sample of DDGS is of prime 
importance in optimizing the use of this ingredient, and two methods recently have been proposed in this 
regard. One of these is the use of the Immobilized Digestibility Enzyme Assay (IDEA™, Novus 
International, St. Louis MO) described by Shasteen et al. (2002). This assay was used to estimate the 
lysine digestibility of 28 DDGS samples that had previously been subjected to in vivo-determined true 
lysine digestibility. There was a high correlation between in vivo-determined true lysine digestibility and 
that estimated by the IDEA™ method (Fiene et al. 2006). The correlation between digestibility of other 
amino acids and the IDEA™ method was not as successful, ranging from 0.12 for Met to 0.43 for Cys.  
More than 180 samples of DDGS have been subjected to the IDEA™ assay by Novus International, 
resulting in an estimated lysine digestibility of 66.7 ± 9.3 (mean ± SD). This is in good agreement with 
the weighted average of 68.5% shown in Table 2. 

 In order to evaluate variation among producers, multiple DDGS samples were collected from 
eight different suppliers over a 3 to 4 month time period and subjected to the IDEA™ assay (Fiene et al., 
2006). The data showed that within a supplier the variation in lysine digestibility was relatively small 
with a few exceptions. It is recommended that the IDEA™ assay be used periodically to estimate the 
digestible lysine content of samples received in a feed mill, especially since the product may come from a 
wide variety of sources.     

 A second method that has been used to estimate lysine digestibility is evaluation of the color of 
the product. Formation of lysine-carbohydrate complexes under heat has long been known (Maillard, 
1912a,b). Color of soybean meal has long been linked to proper processing temperature (McNaughton et 
al., 1981). Numerous studies have linked the color of DDGS with lysine digestibility (Cromwell et al., 
1993; Ergul et al., 2003; Batal and Dale, 2006; Fastinger et al., 2006). Batal and Dale (2006) reported that 
samples with more lightness (L*=60.3) and more yellowness (b*=25.9) were associated with a DDGS 
having an average of 0.66% digestible Lys whereas products that were darker (L*=50.4) and less yellow 
(b*=7.41) were associated with a product having 0.18% digestible Lys. Use of visual color or use of color 
meters may be used to identify samples of DDGS that have been subjected to excessive heat with 
subsequent reduction in lysine bioavailability. 
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Metabolizable energy content of DDGS 

 Several studies provide estimates of the metabolizable energy content of DDGS. Batal and Dale 
(2006) reported an average TMEn for 17 samples of 1282 ± 82 kcal/lb, with a range of 1132 to 1450 
kcal/lb. Fastinger et al. (2006) found an average of 1302 kcal/lb for five samples with a range of 1127 to 
1382 kcal/lb. Lumpkins and Batal (2005) reported a TMEn value of 1318 kcal/lb for a single sample of 
DDGS. Parsons et al. (2006) reported an average TMEn of 1299 kcal/lb for 20 samples with a range from 
1182 to 1385 kcal/lb. A weighted average of these 43 samples is 1293 kcal/lb. Batal and Dale (2006) 
applied regression analyses to the proximate composition of the DDGS and the determined TMEn values 
and developed the following equations (R2 values in parentheses), which can be applied to samples of 
DDGS to estimate the TMEn value: 
 

TMEn = 2439.4 + 43.2*Fat (0.29) 
TMEn = 2957.1 + 43.8*Fat - 79.1*Fiber (0.43) 
TMEn = 2582.3 + 36.7*Fat – 72.4*Fiber + 14.6*Protein  (0.44) 
TMEn = 2732.7 + 36.4*Fat -76.3*Fiber + 14.5*Protein – 26.2*Ash (0.45) 

 
DDGS mineral content and relative phosphorus bioavailability 

 Several recent reports on the mineral content of DDGS have been published and are summarized 
below (Table 3). The bioavailability of the P in DDGS appears to be higher than previously assumed 
(National Research Council, 1994). This may be in part because of the P provided by the residual yeast, 
which is considered to be highly available, and because the fermentation may release some P from the 
phytate bond. As early as 1972, Singsen et al. reported that the biological availability of the phosphorus 
in three composite samples of DDGS was fully equivalent to that in commercial dicalcium phosphate and 
should be considered as 100% available when formulating poultry diets. Martinez -Amezcua et al. (2004) 
noted a substantial variability in P bioavailability among nine samples, ranging from 69 to 102% relative 
to KH2PO4 , and reported that increased heat processing of DDGS may increase the bioavailability of P in 
DDGS. Lumpkins and Batal (2005) reported that the relative bioavailability of phosphorus in a DDGS 
sample containing 0.74% total P was 68 and 54% in two different trials. Martinez-Amezcua et al. (2006) 
found a relative P bioavailability of 62% in a sample of DDGS containing 0.67% total P. The 
bioavailability was increased by supplementation of the diet with 3% citric acid or with phytase. 

 Sodium is one of the most inexpensive minerals but deficiency states have perhaps more rapid 
impact on performance of any essential nutrient. With the demand to reduce litter moisture in poultry 
houses, nutritionists often are pressured to minimize dietary sodium levels. Considerable variation in 
sodium content of DDGS has been observed (Table 3). Batal and Dale (2003) noted that the source of the 
extraordinary variability in sodium content of DDGS is not immediately clear, and suggested that 
nutritionists need to properly characterize the mineral content of the DDGS from respective sources prior 
to incorporation into balanced diets. However, data from Spiehs et al. (2002) showed considerable in-
plant variation indicating that it would be difficult to characterize the sodium content of a single plant by 
a few analyses. It is recommended that frequent sodium assays be made of the product received in feed 
mills, especially if the sodium from the DDGS is to be considered in meeting the requirements for this 
nutrient. 
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Table 3.  Mineral composition of DDGS from various authors (%, as fed basis). 

 Reference1  
1 2 3 4  

n=118 n=12 n=20 n-20 
Mineral Mean CV2 Mean SD Mean SD Mean CV 

Weighted 
average 

Calcium 0.05 57.2 0.29 0.27   0.03 38.4 0.07 
Phosphorus 0.79 11.7 0.68 0.07 0.73 0.04 0.73   5.3 0.77 
Potassium 0.84 14.0 0.91 0.11     0.85 
Sodium 0.21 70.5 0.25 0.15   0.11 32.8 0.20 
11=Spiehs et al. (2002); 2=Batal and Dale (2003); 3=Martinez-Amezcua et al. (2004); 4=Parsons et al. 

(2006). 
2Coefficient of variation. 

 
Nutrient matrix for DDGS 

 A number of studies have reported on the nutrient content of various samples of DDGS, many of 
which have been cited in this report. We have summarized these as weighted averages for various 
nutrients and combined these into a suggested nutrient matrix to use as a starting point for evaluating 
DDGS in poultry feed (Table 4.).   
 
Table 4. Suggested nutrient matrix for DDGS based on weighted averages of published data. 

Nutrient Amount (%)  Nutrient Amount (%) 
Dry matter 89.36 Calcium 0.07 
Crude protein 26.45 Phosphorus 0.77 
Fat 10.08 Available phosphorus 0.48 
Fiber   6.99 Potassium 0.85 
TMEn (kcal/lb)          1293 Sodium 0.20 
Arginine   1.09 Digestible Arginine 0.93 
Histidine   0.68 Digestible Histidine 0.58 
Isoleucine   0.96 Digestible Isoleucine 0.78 
Leucine   3.00 Digestible Leucine 2.70 
Lysine   0.73 Digestible Lysine 0.50 
Methionine   0.50 Digestible Methionine 0.43 
Cystine   0.54 Digestible Cystine 0.42 
Phenylalanine   1.31 Digestible Phenylalanine 1.15 
Threonine   0.96 Digestible Threonine 0.72 
Tryptophan   0.21 Digestible Tryptophan 0.18 
Valine   1.30 Digestible Valine 1.05 
Serine   1.07 Digestible Serine 0.88 

 
Nutritionists should continuously scrutinize the proximate composition of the product along with periodic 
assays for calcium, phosphorus and sodium and for estimates of lysine digestibility by IDEA™, color 
meter, or visual inspection of color.  
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Future products may differ in composition 

 As ethanol production from corn increases, there is growing interest in modifying the technology 
used to produce the product. This will result in different types of byproducts that may have superior or 
inferior nutritional value (Parsons et al., 2006). Use of these new manufacturing processes will result in 
the production of byproducts that will undoubtedly differ markedly in nutrient content from those 
produced today. It will be necessary for the nutritionist to be sure they have accurate nutritional values for 
the products that they will be using in their diets. Ethanol producers should work with the feed industry to 
provide characteristic nutrient values for such new products as they develop. 
 

GLYCEROL IN BROILER FEEDS 

 An increasing amount of inedible fats and oils are being processed for use as biodiesel. A 
byproduct of biodiesel production is glycerol, the carbohydrate fraction that makes up about 10-11% by 
weight of typical triglycerides. Several studies have evaluated this product in diets for poultry and swine 
(Bernal et al., 1978; Barteczko and Kaminski, 1999; Kijora et al., 1995, 1997; Simon, 1996; Kuhn, 1996; 
Kijora, 1996; Francois, 1994; Wagner, 1994; Simon et al., 1996, 1997). In the majority of these trials the 
glycerol used was a byproduct of the conversion of rapeseed oil to biodiesel. Studies have recently been 
conducted in our laboratory to evaluate glycerol produced from biodiesel plants in the United States.  

 A supply of glycerol was obtained from a biodiesel producer (Griffin Industries, Cold Spring, 
KY). This product was stated to contain < 0.5% methanol. In a preliminary study in which diets were fed 
from 1 to 16 d of age, we found that up to 10% glycerol could be included without adversely affecting 
performance. A second study was then conducted in which broilers were grown to 42 d of age on diets 
with 0, 5, or 10% glycerol. A metabolizable energy value of 1600 kcal/lb was used for the glycerol, based 
on bomb calorimetry values of 1636 kcal/lb. Each diet was fed to 8 pens of 60 males. Results of the study 
(Table 5) demonstrated that diets with 5% glycerol supported performance equivalent to that of positive 
control diets. Diets with 10% glycerol did not flow well in the tube feeders and inhibited feed intake, 
resulting in slower growth and poor feed conversion. Litter from pens fed 10% glycerol was visibly 
wetter and upon analysis the diets contained about 0.15% higher K levels as a result of residual K in the 
glycerol. In a third study, using glycerol from a second producer (Patriot Biofuels, Stuttgart, AR) levels of 
0, 2.5 and 5% glycerol were compared with each diet fed to 8 pens of 60 males from 1 to 42 d of age.  
Results of this study (Table 5) indicated that performance of broilers fed diets with 2.5 or 5% glycerol did 
not differ significantly from that of birds fed the control diet. Breast meat yield was significantly 
improved by the addition of glycerol.   

 Glycerol appears to have promise as a feed ingredient for broilers as a pure energy source. Levels 
up to 10% appear to be utilized by broilers but may cause problems with feed flow and result in reduced 
performance. More needs to be learned about quality factors related to glycerol from biodiesel production 
before extensive use can be recommended in broiler feeds. Specific concerns relate to residual levels of 
methanol, sodium or potassium, and moisture content. Means of handling glycerol in a feed mill must 
also be considered. 
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Table 5. Effect of glycerol levels on broiler performance. 

Trial 1 
Glycerol (%) Measurement 0 5 10 

42 d BW (kg)     2.871a     2.879a     2.706a

0-42 d FCR  (feed:gain)     1.732a     1.709a     1.786b

0-42 d mortality (%)  6.45  4.58  5.41 
Dressing percentage (%) 72.85a 72.81a 72.17b

Breast (% of carcass weight) 26.45 26.72 25.96 
Trial 2 

 Glycerol (%) 
 0 2.5 5 
42 d BW (kg)     2.618     2.712     2.709 
0-42 d FCR  (feed:gain)     1.643     1.625     1.629 
0-42 d mortality (%)   6.25   7.50   6.45 
Dressing percentage (%) 72.05 72.34 72.08 
Breast (% of carcass weight)  25.16b  25.80a  25.96a

a,bWithin rows, means with similar superscripts do not differ significantly (P>0.05) 
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Summary 

Since the onset of the modern era of biotechnology in 1973, scientists have made impressive 
strides in developing new agricultural biotechnologies (reviewed in National Research Council [NRC], 
1994; Etherton et al., 2003). Biotechnologies that enhance productivity and productive efficiency (feed 
consumed/unit of output) have been developed and approved for commercial use. Technologies that 
improve productive efficiency will benefit both producers and consumers because feed provision 
constitutes a major component (about 70%) of farm expenditures. Advances in biotechnology research 
have allowed impressive improvements to be made in diagnostic approaches, increasing microbial safety 
of food and improving animal health (reviewed in Etherton et al., 2003). The application of genomics, or 
the study of how genes (DNA) are organized and expressed, and bioinformatics in animal agriculture will 
provide new genetic markers for improved selection of all livestock species. The advent of techniques to 
propagate animals by nuclear transfer (cloning) offers many important applications to animal agriculture, 
including reproducing highly desired elite sires and dams. Animals selected for cloning will be of great 
value because of their increased genetic merit for increased food production, disease resistance, 
reproductive efficiency, or will be valued because they have been genetically modified to produce organs 
for transplantation or products with biomedical application (The National Academies, 2004).  
Biotechnology also offers considerable potential to animal agriculture as a means to reduce nutrients and 
odors from manure and volume of manure produced. Development and adoption of these biotechnologies 
will contribute to a more sustainable environment. 

 The discovery and development of new animal biotechnologies are part of a continuum leading to 
the commercialization of agricultural biotechnology products. In order to enter the marketplace, new 
agricultural biotechnologies are evaluated rigorously by the appropriate federal regulatory agencies to 
ensure efficacy, consumer safety, and animal health and well being (FDA, 2006). To benefit agriculture 
and society, products of biotechnology must be accepted by consumers. Central to consumer acceptance 
is the need to provide effective population-based education programs to enhance public understanding of 
the safety and benefits associated with technological advances enabled by agricultural biotechnology.  
Despite some of the most remarkable advances in biological research, a public discussion still continues 
about the need for, and safety of, agricultural biotechnology that is fueled by misinformation campaigns 
funded by animal activists and some consumer activist groups. As we progress towards 2050, the 
scientific and agricultural communities must be more proactive in developing and delivering 
biotechnology and agriculture education campaigns for public and policy makers that clearly articulate 
the merits of current production practices used in animal agriculture. Moreover, the benefits of investing 
in discovery research that improves animal agriculture must be championed, and the return on this 
investment clearly communicated. The agricultural community is going to navigate a period over the next 
few decades during which we will likely witness growing challenges, especially increased regulatory 
oversight in addition to the misinformation campaigns funded by activist anti-ag biotechnology groups.  
For the full benefits of agricultural biotechnology to be realized, regulatory policy that evolves must be 
guided by the scientific evidence base, not vocal anti-ag biotechnology activist groups.  
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Human Health: Uses of Biotechnology in Animal Agriculture to Decrease Morbidity and Mortality 
from Disease 

 Advances in recombinant DNA technology, animal embryology, immunology, and other 
disciplines give rise to the prospect that animals will become important sources of highly sophisticated 
biopharmaceuticals and biological products. A number of biopharmaceutical products are being 
developed in which the ultimate production system will be a genetically modified (GM) animal. In such 
instances, the gene for the desired molecule is designed and constructed to be expressed only in a specific 
tissue.  Several companies focusing on these activities are targeting the production of specific animal 
proteins in milk (cattle, sheep, goats, pigs) and in eggs (poultry). These new approaches will allow for 
more economical production of certain pharmaceuticals that currently are expensive to produce. For 
example, Roslin Institute researchers (Lillico et al., 2007) recently reported the generation of transgenic 
hens that synthesized two functional recombinant therapeutic proteins in a tightly regulated tissue-specific 
manner, without any evidence of transgene silencing after germ-line transmission. Biotechnological 
production methods also may allow for a more widespread distribution and application of 
pharmaceuticals, including in developing countries. Another type of biotechnology under development 
involves using animals to produce donor organs for human transplant. There is a great shortage of 
transplant organs from human donors. Heart valves from pigs have been used for many years to replace 
heart valves in humans, and several private-sector companies and numerous university scientists are 
investigating ways in which to use biotechnology to develop pigs as a source of transplant organs. One 
key advantage of this approach is that it is possible that genetic engineering can be used to produce 
rejection-free organs. In each instance just described, a vital basic health need is being fulfilled by the use 
of animals, and no foreseeable alternatives exist. 
 
Food Production: Uses of Biotechnology in Animal Production

Feeding Livestock

 Biotechnology has led to the development of plant varieties with improved qualities including 
enhanced tolerance of herbicides, and protection against viruses and insect pests, and modifications in 
nutrient profile. These varieties have been adopted rapidly by American farmers, and the United States 
accounted for approximately 55% of the global area of transgenic crops in 2005 (up from 30% in 2001) 
(James, 2005). Genetically modified crops used for livestock feed include corn, soybean, canola, and 
cotton (cottonseed). 

Health and safety are priorities in the development of new food and feed products, including 
those developed through biotechnological means. Evaluation by governmental regulatory agencies is 
required for each new biotech plant used for feed or food.  Scientific studies evaluating feed components 
derived from GM plants have focused on beef cattle, swine, sheep, fish, lactating dairy cows, and broiler 
and layer chickens, and have included nutrient composition assessments, digestibility determinations, and 
animal performance measurements (Alewynse 2000; Beever and Kemp 2000; Faust 2002). Evaluations 
have shown uniformly that feed components derived from GM plants commercialized thus far are 
substantively equivalent in terms of nutrient composition and are similar in terms of nutrient digestibility 
and feeding value. Overall, feed components of GM plants result in growth rates and milk yields not 
different from those derived from non-genetically enhanced feed sources (Clark and Ipharraguerre 2001; 
Faust 2002; Flachowsky and Aulrich 2001). Studies have reported that when corn has been altered 
genetically for protection against the corn borer, under certain growing conditions GM plants can have 
lower mycotoxin contamination, resulting in safer feed for livestock (Munkvold et al., 1999). In addition, 
no residues of recombinant DNA or novel proteins have been found in any tissue or organ samples 
obtained from animals fed GM plants (Deaville and Maddison, 2005; Flachowsky et al., 2005).   
 
 
 

 36



 

Metabolic Modifiers 

 Advances in understanding the regulation of nutrient use in agricultural animals have led to the 
development of technologies referred to as metabolic modifiers. Metabolic modifiers are a group of 
compounds that modify animal metabolism in specific and directed ways. Metabolic modifiers have the 
overall effect of improving production, productive efficiency (weight gain or milk yield/unit of feed 
consumed), improving carcass composition (lean:fat ratio) in growing animals, increasing milk yield in 
lactating animals, and decreasing animal waste/production unit (NRC, 1994).   

Two classes of compounds have received major focus—somatotropins (STs) and ß-adrenergic 
agonists.  The most commonly discussed ST is bovine somatotropin (bST), which has been commercially 
used since 1994 for administration to dairy cows to achieve increased milk yield, improve milk/feed, and 
decrease animal waste (Etherton and Bauman, 1998; Bauman, 1999). 

 Supplements of ß-adrenergic agonists to growing animals improve feed utilization and increase 
rate of weight gain, carcass leanness, and dressing percentage (NRC, 1994). Research has established the 
mode of action involves changes in endocrine and cellular mechanisms (NRC, 1994). The net effect is 
that these repartitioning agents improve productive efficiency by modifying specific metabolic signals in 
a coordinated manner to increase nutrient use for lean tissue. Ractopamine (Paylean™) is the only ß-
adrenergic agonist currently approved in the United States—in this instance, for finishing pigs; 
commercial use began in 2000.  
 
Cloning 

Cloning, a term originally used primarily in horticulture to describe asexually produced progeny, 
means to make a copy of an individual or, in cellular and molecular biology, groups of identical cells, and 
replicas of DNA and other molecules. For example, monozygotic twins are clones. Animal cloning in the 
late 1980s resulted from the transfer of nuclei from blastomeres of early cleavage-stage embryos into 
enucleated oocytes, and cloning of livestock and laboratory animals has resulted from transferring a 
nucleus from a somatic cell into an oocyte from which the nucleus has been removed (Wilmut et al., 
1997; Westhusin et al., 2001). 

Somatic cell nuclear transfer also can be used to produce embryonic stem cells, which are 
undifferentiated, and matched to the recipient for research and therapy that is independent of reproductive 
cloning of animals. The progeny from cloning using nuclei from either blastomeres or somatic cells are 
not exact replicas of an individual animal due to cytoplasmic inheritance of mitochondrial DNA from the 
donor egg, other cytoplasmic factors which may influence "reprogramming" of the genome of the 
transferred nucleus, and subsequent development of the cloned organism (Jaenisch and Wilmut, 2001). 

Cloning by nuclear transfer from embryonic blastomeres (Willadsen, 1989) or from a 
differentiated cell of an adult (Wilmut et al., 1997; Polejaeva et al., 2000; Kuhholzer and Prather, 2000) 
requires that the introduced nucleus be reprogrammed by the cytoplasm of the egg and direct 
development of a new embryo, which is then transferred to a recipient mother for development to term. 
The offspring will be identical to their siblings and to the original donor animal in terms of their nuclear 
DNA, but will differ in their mitochondrial genes; variances in the manner nuclear genes are expressed 
are also possible. Although clone is descriptive for multiple approaches for cloning animals, in this article 
clone is used as a descriptor for somatic cell nuclear transfer. 

On December 28, 2006, the Food and Drug Administration (FDA) released a draft risk 
assessment (RA) on whether cloning affects food safety or animal health, and whether food products from 
livestock should be sold for human consumption. The draft, “A Risk-Based Approach to Evaluate Animal 
Clones and Their Progeny – DRAFT” (visit http://www.fda.gov/cvm/CloneRiskAssessment.htm) 
concludes that “….the available data has not identified any food consumption risks or subtle hazards in 
healthy clones of cattle, swine, or goats. Thus, edible products from healthy clones that meet existing 
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requirements for meat and milk in commerce pose no increased food consumption risk(s) relative to 
comparable products from sexually-derived animals.” Publication of the FDA Risk Assessment is an 
important next step in the process leading to the release the final regulatory guidelines that will allow 
food from cloned animals to enter the food system. 
  
Conservation of the Environment 

 Meeting environmental challenges is one of the major issues facing animal agriculture. Most 
swine and poultry manure is produced in confinement units for which the nearby land base often is 
insufficient to accommodate waste in an environmentally sound manner.  Animal manure, especially that 
from swine and poultry, is high in nitrogen (N) (4.7 to 5.1%) and phosphorus (P) (1.6 to 3.0%), both of 
which can contribute to surface and groundwater pollution. In addition, ammonia and other nitrogenous 
and sulfurous gasses contribute to poor air quality and offensive odors. Several GM crops have been 
developed or are being developed to address the environmental issues related to N, P, and total manure 
excretion and odors (Etherton et al., 2003). 

 Phosphorus content in swine and poultry manure is high because these species consume diets 
consisting of cereal grains and oilseed meals in which most (60 to 80%) P is bound organically as phytic 
acid or phytate. Because of the lack of phytase in their digestive tract, nonruminants are unable to degrade 
phytate, and most P from these feed ingredients is excreted in the feces. In addition, relatively large 
amounts of inorganic P must be fed to pigs and poultry to meet their P requirements; consequently, fecal 
P excretion is increased further. Ruminants use phytate quite efficiently because of the abundance of 
phytase produced by rumen microorganisms. 

 It is exciting that opportunities are now available to decrease P content of manure (reviewed in 
Knowlton et al., 2004). These new strategies are based on a more accurate interpretation of P 
requirements (to not over-feed P), more precise diet formulation, and utilization of exogenous phytase or 
low-phytic acid grains in monogastric diets. The availability of microbial expression systems has made 
large amounts of the recombinant enzyme available for use in animal feed at relatively low costs 
(reviewed by Lei and Porres, 2003). Collectively, these strategies can lower P content of manure by 40-
60% in pigs and poultry and 25 to 40% in ruminants (Knowlton et al., 2004).  
 
A Look to the Future 

 The impressive growth in the science of biotechnology and the many resulting products, both 
biomedical and agricultural, that have been developed for society is one of the most impressive 
achievements in the history of science. Predicting what scientific discoveries will occur between the 
present and 2050 will, as always, be more than a bit challenging. Scientific advances will give us a better 
understanding of how genes work, and how they can be manipulated to achieve an optimal production 
outcome that benefits both the producer and consumer. Valuable animals that arise from conventional 
breeding or genetic manipulation can be propagated forever by cloning. I anticipate that we will be able to 
do large-scale modification of a large number of genes that will further enhance a variety of target 
production traits, production efficiency, and profitability. The extent to which we can enhance these 
outcomes will be beyond current predictions. 

 Before we in the agricultural community get carried away anticipating scientific advances in 
biotechnology over the next 40 years, there are several key points that must be considered and addressed.  
First, funding for discovery and applied research in agriculture must be increased. Second, the discoveries 
made require a viable private sector to commercialize new products of biotechnology.  This is becoming 
more challenging for a variety of reasons. The process of moving a product through the regulatory 
approval process is becoming more complex, costly and lengthy. This growing burden makes it 
challenging for private sector to recover their investment costs from product sales. This is particularly 
important for agricultural biotechnologies where the margins on products are much lower than biomedical 
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biotechnology products (using similar scientific methods). Over the past 20 years, a number of companies 
have withdrawn from developing animal health products. What has not been widely addressed is the cost 
to society if biotechnological innovation in agriculture is hindered or even stopped. 

 The last point pertains to the activist groups that are actively advocating that the use of 
biotechnology-derived products be halted. This is an ever-present reality. Many of these groups are well 
funded (visit Guidestar at http://www.guidestar.org/ to see the IRS returns that all non-profits are required 
to place in the public domain), and attack animal agriculture on many fronts that range from animal 
welfare to biotechnology to environmental issues. It is simple to scare the public in 30 seconds; however, 
we can not educate them about science, agriculture, and biotechnology in 30 seconds. My encouragement 
to animal agriculture is to passionately engage in developing and implementing consumer education 
programs that effectively frame the importance of animal agriculture and promote the need for and 
benefits of biotechnology in the barnyard.   
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Summary 

 Current dietary guidelines issued for the American public recommend a diet high in fruits, 
vegetables, whole grains, skim milk/low-fat dairy products, lean meats, and liquid vegetable oils. Animal 
products can be an important part of a healthy diet and there are many health benefits associated with 
their consumption. Dairy products have been shown to play a role in reducing blood pressure, controlling 
body weight and adiposity, improving insulin sensitivity, and reducing risk of colon cancer.  Lean meats 
can increase the protein content of the diet and, thereby, improve plasma lipid and lipoprotein profiles, 
satiety, and lean body mass. Eggs are an important source of lutein and zeaxanthin, and may decrease risk 
of age-related macular degeneration. Efforts are ongoing to optimize animal products in terms of their 
nutrient profiles, and to do this in a way that further reduces the risk of chronic disease. Since animal 
foods are popular in the U.S. diet, there is great potential for developing designer foods that deliver 
healthy nutrient profiles. This will be achieved by increasing desired nutrients and reducing/eliminating 
others (i.e., “negative nutrients” such as saturated fat and cholesterol). There are different strategies 
available and being developed that will facilitate achieving even more nutritious animal products. The key 
will be to develop and implement population-based education programs and campaigns to encourage 
widespread consumption of these foods, as well as animal products currently in the marketplace, within 
the context of a healthy diet. 
 
Introduction 

Healthy diet and lifestyle practices are the cornerstones of guidance issued by many organizations 
for maintaining health and preventing chronic diseases. Guidance has evolved over the years from 
recommendations that first were based on nutrient profiles to recommendations more recently that have 
been issued as food-based dietary patterns. Food-based dietary recommendations are easier for consumers 
to understand and implement than nutrient-specific guidance. The Dietary Guidelines for Americans 2005 
included the USDA Food Guide with suggested amounts of food to consume from the basic food groups, 
subgroups, and oils to meet recommended nutrient intakes at 12 different calorie levels  (USDA/HHS, 
2005). These recommendations are based on a growing scientific database that has shown many health 
benefits of a dietary pattern that includes fruits and vegetables, whole grains, low-fat dairy products, lean 
meats and legumes, and liquid vegetable oils.   

Animal products are an important aspect of a dietary pattern for health because they are nutrient 
dense foods that facilitate achieving nutrient adequacy. These foods include lean meats, eggs, and low-
fat/non-fat dairy products. Many of the nutrients they provide are important also for decreasing the risk of 
chronic diseases. The purpose of this paper is to show the role that animal products play in achieving a 
nutritionally adequate diet and to review the evidence of the health benefits of lean meats, eggs, and low-
fat/skim milk dairy products in a dietary pattern that meets current recommendations. This will provide 
the basis for a discussion about what future “designer” foods can be developed using animal products that 
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facilitate continued evolution of dietary guidance for health. The objective is for future food-based dietary 
guidance to achieve reductions in chronic disease risk that at the present time are not attainable using a 
food-based approach. 
 
Dietary Guidelines for Americans 2005 

 Dietary Guidelines for Americans, issued every five years, provide science-based advice to 
promote health and reduce risk for major chronic diseases through diet and physical activity. Food-based 
guidance has been issued to promote adherence to a nutritionally adequate diet that meets dietary 
recommendations to decrease risk of chronic diseases. A basic premise of the Dietary Guidelines is that 
nutrient needs should be met mainly by consuming foods that comprise a healthful dietary pattern. Two 
dietary patterns that meet the Dietary Guidelines recommendations and promote healthier lifestyles are 
the USDA Food Guide and the Dietary Approaches to Stop Hypertension (DASH) Eating Plan 
(USDA/HHS, 2005). 

 The key recommendations issued in the 2005 Dietary Guidelines are grouped under the following 
9 focus areas: 

• Adequate Nutrients within Calorie Needs 
• Consume a variety of nutrient-dense foods and beverages within and among the basic 

food groups while choosing foods that limit intake of saturated and trans fats, cholesterol, 
added sugars, salt, and alcohol. 

• Meet recommended intakes within energy needs by adopting a balanced eating pattern 
such as the USDA Food Guide or the DASH Eating Plan. 

• Weight Management 
• Maintain body weight within a healthy range; balance calories from foods and beverages 

with calories expended. 
• Prevent gradual weight gain over time; make small decreases in food and beverage 

calories and increase physical activity. 

• Physical Activity 
• Engage in regular physical activity and reduce sedentary activities to promote health, 

psychological well-being, and a healthy body weight. 
• Achieve physical fitness by including cardiovascular conditioning, stretching exercises 

for flexibility and resistance exercise or calisthenics for muscle strength and endurance. 

• Food Groups to Encourage 
• Consume a sufficient amount of fruits and vegetables while staying within energy needs. 
• Choose a variety of fruits and vegetables each day. 
• Consume three or more ounce-equivalents of whole-grain products per day 
• Consume three cups per day of fat-free or low-fat milk or equivalent milk products. 

• Fats 
• Consume less than 10% of calories from saturated fatty acids and less than 300 mg/day of 

cholesterol, and keep trans fatty acid consumption as low as possible. 
• Keep total fat intake between 20 to 35% of calories with most fats coming from sources 

of polyunsaturated and monounsaturated fatty acids such as fish, nuts, and vegetable oils. 
• When selecting and preparing meat, poultry, dry beans, and milk or milk products, make 

choices that are lean, low-fat or fat-free. 
• Limit intake of fats and oils high in saturated and/or trans fatty acids; choose products 

low in such fats and oils. 
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• Carbohydrates 
• Choose fiber-rich fruits, vegetables, and whole grains often. 
• Choose and prepare foods and beverages with little added sugars or caloric sweeteners 

such as amounts suggested by the USDA Food Guide and the DASH Eating Plan. 
• Reduce the incidence of dental caries by practicing good oral hygiene and consuming 

sugar- and starch-containing foods and beverages less frequently. 

• Sodium and Potassium 
• Consume less than 2,300 mg (approximately 1 tsp of salt) of sodium per day. 
• Choose and prepare foods with little salt.  At the same time, consume potassium-rich 

foods such as fruits and vegetables. 

• Alcoholic Beverages 
• Those who choose to drink alcoholic beverages should do so sensibly and in moderation 

– defined as the consumption of up to 1 drink per day for women and up to two drinks 
per day for men. 

• Alcoholic beverages should not be consumed by some individuals, including those who 
cannot restrict their alcohol intake, women of child bearing age who may become 
pregnant, pregnant and lactating women, children and adolescents, individuals taking 
medications that can interact with alcohol, and those with specific medical conditions. 

• Alcoholic beverages should be avoided by individuals engaging in activities that require 
attention, skill, or coordination, such as driving or operating machinery. 

• Food Safety 
• To avoid microbial foodborne illness: 

Á Clean hands, food contacts surfaces and fruits and vegetables.  Meat and poultry 
should not be washed or rinsed. 

Á Separate raw, cooked, and ready-to-eat foods while shopping, preparing, or 
storing foods. 

Á Cook foods to a safe temperature to kill microorganisms. 
Á Chill (refrigerate) perishable food promptly and defrost foods properly. 
Á Avoid raw (unpasteurized) milk or any products made from unpasteurized milk, 

raw or partially raw eggs or foods containing raw eggs, raw or undercooked meat 
and poultry, unpasteurized juices and raw sprouts. 

As noted, the food-based dietary recommendations are made to achieve nutrient adequacy.  
Nutrients that are of concern in the U.S. diet for the following groups are: 

• Adults:  calcium, potassium, fiber, magnesium, and vitamins A (as carotenoids), C, and E. 
• Children and adolescents:  calcium, potassium, fiber, magnesium and vitamin E. 
• Specific population groups including people over age 50, women of childbearing age who may 

become pregnant as well as those in the first trimester of pregnancy, people with dark skin, and 
people exposed to insufficient sunlight:  vitamin B12, iron, folic acid, and vitamins E and D. 

 As shown in Tables 1 and 2, animal products including dairy products, eggs, and meats are 
important sources of many nutrients (USDA, 2005).  Both provide good quality protein. Dairy products 
are the major source of dietary calcium (more than 70%) and also contribute substantial amounts of other 
nutrients to the diet including:  phosphorus (32%), riboflavin (26%), vitamin B12 (21%), protein (19%), 
potassium (19%), zinc (16%), magnesium (16%), and vitamin A (15%). Fortified milk and ready-to-eat 
cereals are the predominant food sources of vitamin D. Milk product consumption has been associated 
with improved diet quality and adequacy of intake of many nutrients, including calcium, potassium, 
magnesium, zinc, iron, riboflavin, vitamin A, folate, and vitamin D (Huth et al., 2006). Meats are the 
number one source of protein, zinc, and vitamin B12, and among the top four sources of selenium, iron, 
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vitamin BB6, phosphorus, niacin, potassium, and riboflavin (Cotton et al., 2004). Eggs are an excellent 
source of many essential nutrients, including protein (amino acids), vitamins (A, E, folate, riboflavin, B6, 
and B12), and minerals (calcium, phosphorus, iron, and zinc) (Korver et al., 2002). As is apparent, animal 
foods are an important source of many nutrients in the diet. Given the many shortfall nutrients in the U.S. 
diet (Table 3), and that animal products are important sources of several of these (i.e., calcium, 
magnesium, folate, vitamin A), strategies are needed to increase consumption of these food sources to 
improve the nutritional adequacy of the diet. Looking to the future, a question is: can animal products be 
fortified to provide more “shortfall nutrients” (Table 3) that typically are not present or are low in meat, 
dairy products, and eggs? In addition, are there strategies to increase the content of nutrients with 
demonstrated effects on chronic disease risk reduction? 

Table 1. Energy, Macronutrients and Selected Micronutrients in Lower Fat, Skim and Full Fat 
Milk, Cheese, Yogurt and Ice Cream1. 
 
 

Energy 
(kcal) 

Prot 
(g) 

TF 

(g) 
CHO 

(g) 
SFA 
(g) 

MUFA 
(g) 

PUFA 
(g) 

Chol 
(mg) 

Ca 
(mg) 

Mg 
(mg) 

K 
(mg) 

P 
(mg) 

Na 
(mg) 

Sugars 
(g) 

               
Milk, 
skim, 8 
oz. 

  83   8.2   0.2 12.1   0.3 0.1 0.02   5 306 27 382 247 103 12.5 

Milk, 1%, 
8 oz. 

102   8.2   2.4 12.2   1.5 0.7 0.10 12 290 27 366 232 107 12.7 

Milk, 2%, 
8 oz. 

122   8.0   4.8 11.4   3.1 1.4 0.20 20 285 27 366 229 100 12.3 

Milk, 
whole, 8 
oz. 

146   7.9   7.9 11.0   4.5 2.0 0.50 24 276 24 349 222   98 12.8 

American 
Cheese, 
low-fat, 1 
oz 

  50   6.9   2.0   1.0   1.2 0.6 0.10 10 191   7   50 231 399   0.2 

American 
Cheese, 
full fat, 1 
oz 

106   6.3   8.9   0.5   5.6 2.5 0.30 27 175   6   46 126 184   0.1 

Yogurt, 
van. low 
fat, 6 oz 

288 16.7   4.2 46.8   2.7 1.2 0.10 17 580 54 742 458 224 46.8 

Yogurt, 
low fat 
w/fruit, 6 
oz 

356 16.5   4.8 63.0   3.1 1.3 0.10 20 573 54 732 451 220 No 
data 

Yogurt, 
nonfat, 
w/fruit, 6 
oz 

160   7.5   0.3 32.3   0.2 0.1 0.00   3 258 26 330 202   99 32.3 

Ice 
cream, 
0.5 cup 

266   3.8 17.3 23.8 11.1 4.8 0.70 98 125 12 168 112   65 22.1 

Ice 
cream, 
low fat, 
0.5 cup 

125   3.6   3.7 19.6   2.2 1.0 0.20 21 122 11 158   78   56 16.8 

1kcal=calories, Prot=protein, CHO=carbohydrates, TF=total fat, SFA=saturated fatty acids, 
MUFA=monounsaturated fatty acids, PUFA =polyunsaturated fatty acids, chol=cholesterol, Ca=calcium, 
Mg=magnesium, K=potassium, P=phosphorus, Na=sodium. 



1kcal=calories, Prot=protein, TF=total fat, SFA=saturated fatty acids, MUFA=monounsaturated fatty acids, PUFA =polyunsaturated fatty acids, chol=cholesterol, 
Fe=iron, Zn=zinc, Ribofl=riboflavin, B12=Vitamin B12. 
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Table 2. Energy, Macronutrients and Selected Micronutrients in Eggs and Popular Cuts of Meat1

Prot 

2From Kerver et al. (2002).

Energy 
(kcal) 

 
 (g) 

TF 

(g) 
SFA 
(g) 

MUFA 
(g) 

PUFA 
(g) 

Chol 
(mg) 

Fe 
(mg) 

Zn 
(mg) 

Thiamin 
(mg) 

Ribofl 
(mg) 

Niacin 
(mg) 

B12
(mcg) 

              
Hamburger, 
30% fat, 3 oz 

232 21.6 15.5 6.2 7.5 0.4   70 1.91 5.2 0.04 0.15   3.87 2.46 

              
Hamburger, 
15% fat, 3 
oz. 

213 22.0 13.1 5.0 5.7 0.4   77 2.21 5.4 0.04 0.15   4.57 2.24 

              
Hamburger, 
5% fat, 3 oz 

145 22.3   5.6 2.5 2.3 0.3   65 2.41 5.5 0.04 0.15   5.05 2.10 

              
Beef, top 
sirloin, lean, 
3 oz 

180 24.9   8.2 3.2 3.4 0.3   62 1.61 4.5 0.07 0.12   6.67 1.47 

              
Beef, eye 
round, lean, 
3 oz 

143 24.8   4.1 1.5 1.7 0.1   46 2.01 4.1 0.06 0.13   4.33 1.38 

              
Chicken 
Breast, 
skinless, 3 oz 

142 26.7   3.1 0.9 1.1 0.7   73 0.89 0. 9 0.06 0.98 11.79 0.29 

              
Chicken 
Thigh, 
skinless, 3 oz 

174 21.6   9.0 2.5 3.4 2.1   79 1.10 2.1 0.06 0.19   5.43 0.26 

              
Pork chop, 
lean, 3 oz 

199 21.6 11.8 4.3 5.1 0.9   71 0.93 3.4 0.63 0.30   3.87 0.80 

              
Lamb chop, 
lean, 3 oz 

160 23.5   6.6 2.7 2.7 0.3   72 2.10 4.4 0.11 0.36   4.90 2.70 

              
Egg, large, 
50 g2

  75   6.3   5.0 1.6 1.9 0.7 213 0.72 0.6 0.03 0.25   0.04 0.50 

 



Table 3. Probabilities of Adequacy for Selected Nutrients on the First 24-hour Recall among Adult 
CSFII 1994-96 Participants1,2

       Probability of adequacy (%) 
Nutrient      Men    Women 
 
Vitamin A  47.0  48.1 
Vitamin C  49.3  52.3 
Vitamin E  14.1  6.8 
Thiamin  83.9  72.2 
Riboflavin  85.8  80.9 
Niacin  90.5  80.4 
Folate1  33.9  20.9 
Vitamin B-6  78.3  60.7 
Vitamin B-12  80.5  64.2 
Phosphorus  94.3  85.1 
Magnesium  36.1  34.3 
Iron  95.5  79.4 
Copper  87.4  73.3 
Zinc  65.7  62.0 
Calcium  58.6  45.7 
1From:  Foote et.al. (2004). 
2Nutrients considered “shortfall” nutrients (Dietary Guidelines Advisory Committee, 2005) in bold. 
 
Health Benefits of Dairy Products, Meats/Meat Products, and Eggs 

Dairy Products 

 Many health benefits are associated with consumption of dairy products  (Huth et al., 2006).  
These are related to the nutrients and bioactive lipids and protein components in dairy products. In 
addition, consumption of dairy products displaces other foods, such as sugar-sweetened carbonated 
beverages and, therefore, results in health benefits. Epidemiologic, clinical trials, animal studies, and in 
vitro experiments show that consumption of/constituents in dairy products help reduce the risk of chronic 
diseases including osteoporosis, hypertension, excess body weight and fat, insulin resistance syndrome, 
and some cancers (Huth et al., 2006).   

• Osteoporosis – In a 2004 report on bone health and osteoporosis (U.S. Department of HHS, 
2004), it is estimated that in 2020 one in two Americans over the age of 50 will have, or be at 
high risk of developing osteoporosis. Currently, osteoporosis is responsible for approximately 1.5 
million spontaneous bone fractures yearly with an estimated annual health care impact of $17 
billion. As noted in this report, much can be done with diet and lifestyle practices to decrease risk, 
and consequently prevalence of osteoporosis. Notably, attaining an optimal peak bone mass for 
maximal bone strength later in life for greater resistance to fracture is at the forefront of 
intervention strategies. Dairy products play a key role in the production and maintenance of a 
healthy bone matrix throughout life.  Huth et al. (2006) reported a positive relationship between 
calcium intake (as dairy products in many studies) and bone health in 68 of 70 controlled 
intervention studies. This effect not only reflects calcium intake but also vitamin D, potassium 
and magnesium, as well as high quality protein, all essential nutrients for optimal bone health. 

• Hypertension – Hypertension is a major health problem in the U.S., affecting about 29% of the 
population  (CDC, 2005). Randomized clinical trials show that diets high in calcium or dairy 
products decrease blood pressure. The DASH Study, a landmark clinical trial, demonstrated that a 
diet that emphasized fruits, vegetables, and low-fat dairy products and included whole grains, 
poultry, fish, and nuts had a remarkable blood pressure-lowering effect (similar to that typically 
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seen with pharmacologic therapy)  (Appel et al., 1997; Appel, 2000). Among all participants, the 
DASH diet significantly lowered mean systolic blood pressure by 5.5 mmHg and mean diastolic 
blood pressure by 3.0 mmHg (net of control) (Appel et al., 1997). 

• Body Weight/Body Composition – Population studies consistently demonstrate a beneficial 
association between calcium intake, particularly from dairy foods, and lower body weight and 
lower body fat  (Huth et al., 2006). In the Coronary Artery Risk Development in Young Adults 
(CARDIA) Study  (Pereira et al., 2002), 3,000 adults (ages 18-30) were followed for 10 years.  
The risk of weight gain was 67% lower in persons who consumed the most dairy foods versus 
those who consumed the least. Clinical trial evidence from Zemel et al. (2004) indicated that a 
high calcium (1,200-1,300 mg/day) weight loss diet and high dairy (3-4 servings of dairy 
foods/day) weight loss diet resulted in significantly greater weight and body fat loss than a low 
calcium (400-500 mg/day) weight loss diet. The high dairy diet resulted in the greatest weight 
loss.  All diets were reduced by 500 calories/day for 24 weeks to achieve weight loss. The low 
calcium diet group lost 14.5 lbs (body fat lost was 10.6 lbs) versus the high calcium diet group 
that lost 18.9 lbs body weight (12.3 lbs body fat) and the high dairy group that lost 24.4 lbs (15.8 
lbs body fat). Subjects on the low calcium diet lost 5.3% of their visceral fat, while those 
consuming the high calcium and high dairy diets lost 12.9% and 14.0%, respectively, of their 
visceral fat. This has important implications because abdominal obesity is a major risk for insulin 
resistance syndrome (IRS). 

• Insulin Resistance Syndrome – IRS, also known as metabolic syndrome, is a condition that is 
associated with a number of risk factors, including obesity, insulin resistance, elevated plasma 
insulin levels, low blood HDL-cholesterol and high circulating triglyceride levels, hypertension, 
and impaired fibrinolytic capacity (Reaven, 1993). Individuals with IRS are at high risk for 
developing diabetes and heart disease.  In the CARDIA Study, increased dairy consumption was 
inversely associated with IRS among overweight adults (Pereira et al., 2002). Each additional 
serving of dairy products was associated with a 21% lower odds ratio of having IRS. In addition, 
Liu et al. (2006) recently showed a 21% decreased risk of type 2 diabetes in women in the highest 
quintile of dairy product intake versus those in the lowest quintile of intake. Each daily serving 
increase in dairy intake was associated with a 4% lower risk of type 2 diabetes (Liu et al., 2006). 

• Cancer  – An inverse association has been reported between the intake of dairy products and 
colorectal cancer (Alvarez-Leon et al., 2006). Slattery et al. (1997) reported an inverse 
association between dietary calcium (> 800 mg/day) from milk and other dairy products and risk 
of colon cancer, especially in males. A protective effect against colon cancer was observed for 
yogurt that was independent of its calcium content in a large case-control study conducted in 
California reviewed by Huth et al. (2006). Clinical trial evidence also shows a beneficial effect of 
supplemental calcium and dairy foods on colonic epithelial cell proliferation and a restoration of 
normal cell differentiation in patients with a history of developing intestinal polyps or non-
cancerous growths in the colon  (Holt et al., 2001). There is some evidence of an association 
between high-fat dairy products and risk of prostate cancer. In a prospective study in France, a 
higher risk of prostate cancer was observed among subjects with higher dairy product 
consumption  (Kesse et al., 2006). In addition, a harmful effect of yogurt consumption on prostate 
cancer also was reported. A study in the U.S. reported that very high intakes of dietary calcium (> 
2 g/day) as well as low intakes (< 700 mg/d) were associated with increased risk of prostate 
cancer (Rodriguez et al., 2003). Of importance is that moderate levels of dietary calcium were not 
associated with increased risk of prostate cancer. In addition, dairy intake was not associated with 
prostate cancer risk  (Rodriguez et al., 2003). A recent large (10,000 subjects) prospective study 
reported that neither increased dairy food intake nor increased calcium intake from supplements 
was associated with prostate cancer risk  (Koh et al., 2006). There is no evidence of an 
association between the consumption of dairy products and breast cancer. 
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Meats/Meat Products 
 Meat is a good source of protein and micronutrients (Table 2). Beef also is the number one source 
of saturated fat in the diet. Collectively, meat and dairy products contribute 60% of the saturated fat in the 
U.S. diet. Efforts to decrease saturated fatty acids target red meat reduction (as well as full-fat dairy 
products). There is evidence that lean meat products, however, beneficially affect lipids and lipoproteins 
as part of a blood cholesterol-lowering diet (see below). In addition to beneficially affecting heart disease 
risk factors, a diet higher in protein comprised of lean meats favorably affects body composition during 
weight maintenance as well as weight loss. For the control of body weight, meat and meat products may 
beneficially affect satiety. Studies have been conducted to evaluate the role of meats and meat products 
on cancer risk (see below).   

• Cardiovascular disease – In the Nurses’ Health Study, high protein intakes were associated with a 
low risk of ischemic heart disease  (Hu et al., 1999). When extreme quintiles of total protein 
intake were compared, the relative risk was 0.74 indicating that risk was decreased by 26%. In a 
controlled clinical trial that evaluated diets high in carbohydrate, protein (half from plant sources) 
and unsaturated fat (mainly monounsaturated fat), substituting protein for carbohydrate resulted 
in decrease blood pressure and serum levels of LDL-cholesterol, HDL-cholesterol, and 
triglycerides (Appel et al., 2005). The authors concluded that partial substitution of carbohydrate 
with either protein (or monounsaturated fat) can reduce estimated CVD risk due to favorable 
effects on multiple cardiovascular disease risk factors. Clinical studies also have been conducted 
to evaluate inclusion of lean red meat versus lean white meat on serum lipids and lipoproteins in 
individuals with high blood cholesterol levels because health professionals frequently counsel 
these patients to avoid red meat. Studies to date have shown similar hypocholesterolemic effects 
of recommended diets that contain either lean red meat or lean white meat (Scott et al., 1994; 
Davidson et al., 1999; Hunninghake et al., 2000). These studies thus showed that lean meat can 
be a part of a heart healthy diet. The important point is that lean meat be included since saturated 
fat is high in some cuts of higher-fat red meat. 

• Weight Loss, Body Composition and Satiety – Increased dietary protein may favorably affect 
body weight regulation through effects on satiety, thermogenesis and substrate partitioning (i.e., 
favor fat oxidation rather than deposition in adipose tissue) (Blaak, 2006). A meta-analysis 
conducted that evaluated the effects of low carbohydrate (higher protein) versus low fat weight-
loss diets reported a greater weight loss after 6 months (- 3.3 kg) on the higher protein diets 
(Nordmann et al., 2006). However, the difference was no longer apparent after 12 months on the 
low carbohydrate versus low fat weight loss diets. In a study by Volek et al. (2004), both men and 
women on a very low carbohydrate ketogenic weight loss diet lost more trunk fat than did 
subjects on a low fat weight loss diet. Layman et al. (2005) reported that subjects on a high 
protein, reduced carbohydrate diet lost more fat mass and tended to lose less lean body mass than 
did subjects on the low fat (high carbohydrate) weight loss diet. 

• Cancer – There is epidemiologic evidence that consumption of processed meats and red meat 
increase risk of colorectal cancer  (Giovannucci, 2003). Questions remain about whether 
processing per se, and cooking techniques (i.e., that result in a smoked/charred surface), are a 
factor that explains the epidemiologic evidence. A recent study reported that high red meat intake 
(> 1.5 servings per day) increased risk about 2-fold of estrogen and progesterone receptor positive 
breast cancer (Cho et al., 2006). 
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Eggs 

 In addition to serving as a dietary source of many essential nutrients (Table 2), eggs can be 
enriched with omega-3 fatty acids, both plant-derived and marine-derived, through modification of the 
laying hen’s diet. Typically, flaxseed is used to increase α-linolenic acid (ALA), and fish meal/oil is used 
to increase long-chain omega-3 fatty acids in egg yolk. Long-chain omega-3 fatty acids have been shown 
to decrease risk of cardiovascular disease (Kris-Etherton et al., 2002). Although ALA can be converted to 
long chain omega-3 fatty acids in vivo, this process is not efficient in either the laying hen or man. 

 Egg yolk is a highly bioavailable source of lutein and zeaxanthin, two dietary carotenoids that 
accumulate in the macula. Research has shown that increased blood levels of lutein and zeaxanthin might 
decrease the risk of age-related macular degeneration, the leading cause of blindness in the Western 
world. A recent study showed that blood levels and macular pigment optical density (a measure of 
carotenoid levels in the macula) were improved significantly in women whose diets were supplemented 
with six carotenoid-enriched eggs per week  (Wenzel et al., 2006). This is important because lutein 
supplementation may be effective in slowing the progression of age-related macular degeneration.  
However, in many of the recent clinical trials with carotenoid-enriched eggs, participants who 
were classified as hyperresponders experienced marked elevations in plasma total- and/or LDL-
cholesterol levels. An example of the heterogeneity of response to dietary cholesterol in a 
healthy population of 40 men and 51 women has been reported recently (Herron et al., 2006). 

 In addition to carotenoids and omega-3 fatty acids, it is possible to manipulate the levels of many 
other nutrients in eggs. Moreover, in the future, eggs will most likely be enriched with other substances 
that enhance human health. 
 
A Look to the Future 

 An ongoing goal in the nutrition field an ongoing goal is to improve dietary recommendations 
with the intent to achieve optimal health and prevent chronic disease. The evidence is clear that a nutrient-
rich diet can have a huge impact on health. At the present time, we have a good understanding of what a 
healthy dietary pattern is. The challenge is to improve adherence to current dietary recommendations.  
Looking to the future and realizing that meats, dairy products and eggs are popular foods, efforts are 
ongoing to modify nutrient profile of these foods. This is being done in a variety of ways including 
animal feeding and breeding practices, genetic modification of plant and animal foods, and a variety of 
practices that manipulate nutrient profile such as reducing/deleting fat and cholesterol and increasing 
omega-3 fatty acids. A key question is what the cumulative impact of nutrient changes in these foods will 
have on the overall diet and, in turn, its impact on health. The challenge is not the evolution of science 
but, rather, educating consumers about new “designer” foods and how they can be incorporated into a 
healthy diet. 
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