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 It is now well recognized by the feed industry that dramatically increasing 
quantities of distillers dried grains with solubles (DDGS) are entering the ingredient 
market.  For those interested in the history of this ingredient, a substantial scientific 
literature exists in both refereed journals and proceedings of conferences, particularly the 
Distillers Feed Conference. In 1970, Dr. M. L. Scott presented a paper entitled  “Twenty-
Five Years of Research on Distillers Feeds for Broilers” (1). Aside from Dr. Scott, many 
prominent poultry nutritionists of the day were active in studying the use of this 
ingredient, these including G. F. Combs, Sr. (2), T.D. Runnels (3), R. H. Harms (4), and 
L. S. Jensen (5, 6).  Papers of the period reported on tests with laying hens in which the 
effects of DDGS were studied on egg production, egg size, interior egg quality and liver 
fat accumulation. Cromwell et al. (7) reported on the feeding characteristics of DDGS. 
Nevertheless, in recent decades DDGS has only rarely been a component of broiler and 
layer feeds, despite the dramatic growth of the poultry industry.  The lack of interest in 
DDGS seems to stem partly from a relatively limited supply, competing use in ruminant 
feeds without having to dry the product, and concerns over an occasionally inconsistent 
composition.  The DDGS available many decades ago was derived primarily from the 
beverage industry based on the fermentation of a variety of grains, in addition to 
commercial production of alcohol. 
 
 In recent years, policies encouraging the production of ethanol have stimulated an 
enormous increase in the production of DDGS.  The ingredient which is currently 
becoming increasingly available differs from that of previous decades in that it is derived 
almost entirely from corn and is dried under less severe conditions.  Initial research to 
determine the feeding value of this “new generation” DDGS was centered at the 
University of Minnesota, where Noll et al. investigated the use in turkey diets (8), while 
Shurson, whose special area of interest is swine nutrition, has headed the development of 
an excellent website (www.ddgs.omn.edu) to provide information on current research 
with DDGS for both monogastrics and ruminants.  Roberson (9) has recently studied the 
use of DDGS in growing and finishing turkey hens. 



 Studies with DDGS at the University of Georgia have been focused in two areas: 
an appraisal of the nutrient composition of currently-produced DDGS, and testing the use 
of this ingredient in both broiler and layer feeds. 
 
EVALUATIONS OF NUTRIENT CONTENT OF DDGS 
 
 Except where indicated, this set of studies was conducted on samples of light 
colored DDGS from a variety of plants in the mid-west.  Using the TMEn assay, the 
caloric value of DDGS was found to average 2820 kcal/kg (1310 kcal/lb).  This value is 
based on samples having a crude protein content of roughly 27%, with a fat of 10%, 
crude fiber of 6%, ash of 4%, and a dry matter of 89%.  It will be noted that many 
components of proximate composition of DDGS are approximately triple those of corn. 
This is to be expected as from the initial grain fraction 1/3 is lost as carbon dioxide and 
1/3 is converted to ethanol, with the remaining 1/3 concentrated in the form of DDGS. 
Thus a lipid content of 10% is approximately three times that which would be expected in 
corn grain.  Protein is somewhat more than three times higher than that of corn, 
presumably reflecting the presence of microbial protein from fermentation to be expected 
in this product. 
 
 As mentioned above, the average TMEn of DDGS was found to be 2880 kcal/kg. 
However, considering that these assays were conducted using adult experimental animals, 
when formulating diets for the tests to be described below, we arbitrarily reduced energy 
by 100 kcal/kg to include a margin of safety. 
 
 The amino acid composition and percent digestibility of critical amino acids are 
presented in Table 1.  Digestibility was determined using cecectomized roosters.  Chick 
growth studies were also conducted to estimate the bioavailable lysine content of DDGS 
using slope-ratio methodology.  The percent availability between 75 and 80% appears 
reasonable.  This is slightly lower than the lysine availability in corn grain, presumably 
reflecting a slight loss in digestibility due to the drying of DDGS. Recent research 
suggests that dark colored DDGS has a lower lysine availability than seen in Table 1, 
perhaps resulting from additional heating during the drying process (10). 
 
 The available phosphorus content of most plant ingredients is estimated to be 
about 33%.  However, due to the fermentation process in which microbes synthesize 
phytase so as to access phosphorus for their own metabolic needs, it can be postulated 
that the fermentation vessel acts much like a rumen in improving phosphorus availability. 
On the basis of evaluating the total and phytate phosphorus composition of several 
samples of DDGS it was observed that phytate phosphorus comprised only 37% of the 
total phosphorus in these samples, suggesting a phosphorus availability in excess of 60% 
for this ingredient.  This was in fact confirmed in later broiler chick studies, again using 
slope-ratio methodology. 
 
 An unexpected source of variation in DDGS composition is sodium (11). 
According to DDGS manufacturers, no appreciable source of sodium is added to either 
the fermentation or drying phases of DDGS manufacture.  Assuming the three-fold 
concentration of nutrients mentioned above, and that corn contains approximately 0.03% 
sodium, one would expect 0.10% sodium in DDGS.  Many samples, in fact, contain this 



amount.  However, other samples, especially those which seem to be darker in color, 
were found to contain between 0.25 and 0.58% sodium.  The origin of the sodium in 
these samples is unclear but may be related to the solubles fraction.  Because of the wide 
possible fluctuation in sodium values, it is strongly recommended that assays for this 
mineral be conducted whenever product from a new supplier is to be used in formulation. 
 
BROILER STUDIES 
 
 Once a reasonable determination has been made of the nutritional composition of 
a feed ingredient, studies can be undertaken to determine whether the ingredient performs 
well under practical feeding conditions.  In such studies, unless there is an indication of a 
known antinutritional factor or some other issue which may be of concern, there is little 
to be gained by testing low levels of inclusion.  Under experimental conditions, it is very 
unlikely that any effect, either positive or negative, would be observed with from 1-4% 
inclusion.  Rather, it was our objective in both broiler and layer studies to attempt to 
determine the maximum level of inclusion which might be recommended.  From this 
reference point, those interested in using the ingredient in commercial practice could 
estimate where to begin usage, and up to what point they might be able to increase 
inclusion with minimal risk. 
 
 In an initial battery study, chicks were reared to 18 days of age, receiving either 0 
or 15% DDGS in either a high density (3200 kcal/kg, 22.5% protein) or low density 
(3000 kcal/kg, 20% protein) series of diets.  Results of this 2 x 2 factorial test are shown 
in Table 2.  While both body weight gain and feed conversion were significantly 
improved in the high density series, in neither case was an effect of DDGS observed on 
any productive parameter. Based on these results, a 42-day grow-out test was conducted 
using 0, 6, 12, and 18% DDGS.  The nutrient composition of these diets was very similar 
to that currently used by the industry.  General performance of chicks is shown in 
Table 3.  It will be noted that both body weight and feed conversion were negatively 
effected by an 18% level of DDGS, while 12% during the starting period showed a slight 
decrease in performance.  The 6% level of inclusion had no effect on performance. 
During the grower period, no significant differences were observed at any level of 
inclusion, suggesting that once past the starter period, chicks can efficiently use even 
high levels of DDGS.  Twelve percent DDGS clearly gave excellent performance, while 
the growth rate in chicks receiving 18% was numerically, but not significantly decreased. 
 
 In attempting a conservative recommendation based on these data, 6% DDGS can 
safely be used in starter feeds, while this level can be doubled to 12% in subsequent 
feeds. 
 
STUDIES WITH LAYING HENS 
 
 As stated above, our objective in these studies was to identify a maximum level of 
inclusion of DDGS.  In designing an experiment with laying hens, we elected to test 0 
and 15% levels of inclusion, in either a commercial or low density nutrient program.  The 
higher density feeds were similar to those used by the layer industry, with 2870 kcal/kg 
and 18.5% protein during the initial period of lay, while the lower density diets were 
formulated at 2800 kcal/kg and 17% protein.  One hundred twenty-four Leghorn hens 



(Hy-Line W36, 22 wk of age) were assigned two per cage to each of the four 
experimental treatments.  This study was conducted from June to October 2002, a year 
with normally high summer temperatures in a house without evaporative cooling. 
 
 Results are best interpreted by reviewing Figures 1-2. In Figure 1, which portrays 
egg production of birds receiving the commercial, or higher density set of diets, the flock 
entered production somewhat late due to lighter than expected pullet weights.  However, 
hens in both treatments rapidly reached peak production.  Hens consuming 15% DDGS 
laid numerically fewer eggs until 34 wk of age.  From this point onward no differences in 
production were noted.  Similar, but more noticeable, effects were noted for birds 
receiving the lower density set of diets (Figure 2).  In this case, production of hens fed 
15% DDGS remained below that of controls until 36 wk of age, from which point no 
differences were noted. 
 
 In retrospect, a 15% level of inclusion was a fortuitous level to choose for these 
studies.  Clearly, the level was excessive for an underweight pullet flock entering 
production during the hottest months of the year.  However, once temperatures moderated 
(after 34 wk of age) and body weights and feed consumption normalized, there was no 
apparent detrimental effect of using 15% DDGS in layer feeds.  At no point were 
significant differences observed in egg weight (Figure 3), nor in shell or albumen quality 
(data not shown).  As a practical recommendation, we feel that 6-8% DDGS can be 
included in layer diets from the onset of production and this can easily increase to levels 
above 10%, once body weight and feed intake have stabilized. 
 
SUMMARY 
 
 We have found DDGS to be a highly acceptable feed ingredient for both broilers 
and layers, in agreement with previous work conducted at the University of Minnesota 
with turkeys.  Due to variation in processes which may be utilized at different plants, 
some variation in quality can be expected.  As with any ingredient, the products of new 
suppliers should be reviewed by the quality control program prior to large scale use. 
Issues remaining to be further investigated are the relationship between color and lysine 
availability, effects of DDGS on pellet quality, pigmentation potential, and logistical 
issues involved in occasional difficulties in unloading DDGS from transport vehicles. 
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TABLE 1. Total and available amino acid composition of DDGS 

Amino Acid Total (%) Availability (%) 

Arginine 1.25 84 

Cysteine 0.62 75 

Histidine 0.74 84 

Isoleucine 1.03 83 

Leucine 3.10 89 

Lysine 0.85 75 

Methionine 0.56 89 

Threonine 1.05 76 

Tryptophan 0.28 84 
 



 

TABLE 2. Performance of chicks receiving DDGS, 0-18 days 

 
Low Density High Density 

Pooled 
SEM 

DDGS (%) 0 15 0 15  

Body weight (g) 523b 518b 556a 555a 8.2 

Feed conversion 1.40a 1.42a 1.28b 1.30b 0.2 

(P<.05) 
 

TABLE 3. Performance of chicks receiving various levels of DDGS, 0-42 days 

DDGS (%) Weight (g/chick) Feed Conversion 

 16 Days 42 Days 16 Days 42 Days 

0 414a 2314a 1.34b 1.77 

6 416a 2289a 1.35b 1.81 

12 399ab 2291a 1.40ab 1.77 

18 387b 2243b 1.42a 1.81 

Pooled SEM 7.2 14.4 0.02 0.02 

(P<.05) 
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Introduction 
Vitamin D3 (cholecalciferol) was recognized in nutrition well before 1900 when sunlight 
was established for its role in the prevention of rickets.  Eventually, the exposure of 
rickets-inducing diets to ultraviolet light was shown to eliminate the inherent rachitic 
properties of those diets (Hess, 1924).  Thus, this vitamin became known as the “sunshine 
vitamin.” 

Over a period of time, two vitamin D parent compounds were elucidated.  Ergocalciferol 
(D2) is synthesized from ergosterol in many plants, whereas cholecalciferol (D3) is 
derived from 7-dehydrocholesterol in the skin of animals.  Ultraviolet light transforms 
these compounds into 1, 25-diOH vitamin D3, the vitamin D metabolite generally 
considered the most active. Approximately 40 times more D2 is needed to equal D3 for 
poultry. 
 
Vitamin D is best known for its role in calcium and phosphorus metabolism in skeletal 
development and maintenance, as well as eggshell strength. In addition, vitamin D has 
been recognized for cell growth and differentiation (Brown et al., 1999), as well as for its 
potential effects on the immune system (Reinhardt and Hustmyer, 1987), and 
reproduction (DeLuca, 1992).  A deficiency of vitamin D can result in an elevation in 
blood glucose levels of chicks, and abnormal energy substrate utilization (Hunt and 
Nielsen, 1987). 
 
Severe deficiency of vitamin D manifests itself in readily observable deformities of the 
skeleton, beak and eggshells in poultry.  Gross deficiency can impair egg production, and 
bring about late-stage embryonic death in hatching eggs.  Arguably, the most costly 
deficiencies are those that are marginal, thus go unnoticed, and include suboptimal feed 
conversion, as well as other less observable symptoms. 
 

The vitamin D metabolite, 25-OH D3, is usually better correlated with Ca absorption in 
humans than is 1, 25-diOH D3 (see Vieth, 1999; Eisman et al., 1977), while Soares et al. 
(1995) suggest that  25-OH vitamin D3 to be an excellent marker for ascertaining the 
vitamin D status of poultry. The blood level of 25-OH D3 in turkey poults with field 
rickets was suppressed and correlated well with ash values (Bar et al., 1987), thus might 
be considered when ascertaining leg deformities.  In humans, once plasma levels of 25-
OH D3 decline below 25 mmol/L, the onset of rickets due to vitamin D deficiency is 
common (Clemens and O’Riordan, 1990; Kanis, 1982). 

 
25-Hydroxy Vitamin D3 

Without a doubt, the most exciting development in vitamin D nutrition in recent years has 
been the commercialization of 25-OH vitamin D3 in poultry feeds.  This product was 
given GRAS status for broilers (1995), and turkeys (1999) and laying hens (1999), and is 
known as HyD® and marketed by DSM Nutritional Products, Inc. Today, 25-OH D3 is 
used routinely in numerous commercial poultry programs.  This vitamin D metabolite 



 

may exert effects beyond those induced by vitamin D3 (Soares et al., 1995), and research 
in recent years indicates that some tissues may have a requirement specifically for 25-OH 
vitamin D3 (Vieth, 1999). 
 
Absorption of 25-OH D3.  Part, but not all, of the greater effectiveness of 25-OH vitamin 
D3 relative to vitamin D3 might be due to differences in absorptive characteristics. In 
mammals, for example, vitamin D3 as a micelle is mainly absorbed into the lymph; on 
the other hand, 25-OH vitamin D3, being a polar compound, is reported to be absorbed 
more rapidly from the proximal jejunum into the portal vein (Nechema et al., 1977; Sitrin 
et al., 1982).  Indeed, the absorption of 25-OH D3 appears different in man than that for 
vitamin D3 (Compston et al., 1981). 
 
In clinical studies with healthy individuals (Sitrin et al., 1987), patients with fat 
malabsorption (Davies et al., 1980; Sitrin et al., 1987; Krawitt and Chastenay, 1980), or 
patients with bone disease (Stamp et al., 1977), 25-OH vitamin D3 was absorbed better 
and faster than was vitamin D3.  Noteworthy is that the absorption of 25-OH D3 occurred 
independent of fat absorption. Only 13% of the 25-OH D3 was carried in lymph 
chylomicrons (Stirin et al., 1987), and in rats, the ligation of the bile ducts essentially 
abolished the absorption of vitamin D3, but had virtually no effect on 25-OH-D3 
(Nechama et al., 1977). 
 
Thus, there appears to be a clear and definitive difference in the absorption of 25-OH D3 
and vitamin D3, and numerous studies find poor fat absorption and a lack of bile acids to 
have little or no effect on the absorption of 25-OH D3.  This would have important 
ramifications on the young bird prior to its full development of the pancreas, and bile 
production, that occurs at about 14-21 days of life. 
 

In a study with human infants suffering from iron (Fe) deficiency anemia (Heldenberg et 
al., 1992), blood levels of 25-OH D3 were below normal in spite of these infants 
receiving adequate dietary vitamin D3.  The administration of Fe restored blood levels of 
25-OH D3 considered to be normal.  Fe deficiency can cause the malabsoprtion of fat and 
vitamin A.  Thus, these researchers suggested that the Fe deficiency (more specifically, 
fat malabsorption) can lead to low vitamin D3 absorption.  The absorption of 25-OH D3 
would be less reliant on such relationships. 

 
In broiler chicks, the absorption of 25-OH D3 was also reported to be faster (83%) than 
that for vitamin D3 (66%). This absorption occurred mainly in the upper jejunum (Bar et 
al., 1980), similarly as has been reported in studies with humans. Significant differences 
in net secretion of the two forms of vitamin D activity were also noted: 20% of the 
vitamin D3 and 7% of the 25-OH D3 were secreted.  Thus, along with a greater 
absorption rate, 25-OH D3 retention in the body occurs with greater economy.  
 
The more rapid absorption of 25-OH D3 might be attributable to intestinal binding 
proteins for 25-OH D3 that have been identified in intestinal cells (Nechama et al., 1977). 
This protein has an affinity for 25-OH D3 that is at least 1,000 times greater than for 
other D3 metabolites (Teegarden et al., 1997; Teegarden et al., 2000), thus it is 
reasonable to assume their presence facilitates the absorption of 25-OH D3, and/or Ca 
absorption.  



 

The existence of intestinal binding proteins for 25-OH D3 is not inconsistent with the 
occurrence 25-OH D3 in a number of foodstuffs (Ovesen et al., 2003).  In eggs from 
laying hens not fed 25-OH D3, up to 1 ug of this metabolite exists in 100 g egg yolk, 
while hens fed 25-OH D3 at recommended levels had about 2.5 fold higher amounts in 
their eggs. In broiler meat, deposition of 25-OH D3 is highly correlated with intake of 
this metabolite (Yarger et al., 1995). Human breast milk contained concentrations of 
vitamin D3 and 25-OH D3 of 38 and 845 pg/ml, resp. (Kunz et al., 1984). 

 
Fat and 25-OH vitamin D3 absorption. 
The incomplete development of the pancreas, and subsequent limited lipase secretion, has 
been proposed as leading to a higher incidence of rickets and/or skeletal deformities 
during the initial 2 to 3 weeks of life.  Taken with the relationship between fat and 
vitamin D absorption, it is reasoned that the lack of sufficient fat absorption may be 
occurring at a time when bone formation occurs at a rapid pace. 
 
A review of research on the development of the digestive system of chicks post-hatch led 
Jin et al. (1998) to conclude that a lag occurs in lipase secretion relative to feed intake up 
through 10 or more days post-hatch.  The digestion of corn oil in chicks (Carew et al., 
1972) or animal-vegetable fat blend in poults (Sell et al., 1986) progressively increased 
up through day 15 of age, indicating that approximately 14 days are needed for the 
complete development of the pancreas and/or secretion of lipase.   
 
Bone deformation or improper bone development is often found early in a bird’s life 
during the vital building the phase in bone formation when osteoclasts are especially 
active.  Indeed, researchers at Purdue University and The Ohio State University 
determined that by day 21, tibia and femur epiphyseal and diaphyseal ash had attained 
100% of its maximum percentage in broilers.  The length and width of the tibia and 
femur were 60% of their respective 43-day values (Applegate and Lilburn, 2002).  
Likewise, University of Minnesota researchers found most leg disorders under field 
conditions occurred in turkey poults at 12 to 21 days of age (Bar et al., 1987), although 
one of these, tibial dyschondroplasia, in turkeys tends to peak between 9 to 12 weeks of 
age (Poulos, 1978).  Thus, pressure is especially intense during the initial weeks of life to 
ensure the sufficient amounts of several nutrients such a Ca, P and vitamin D are 
consumed and absorbed for bone/skeletal development. 
 
In one large-scale field trial with a broiler integrator that tested over four (4) million 
birds, 25-OH D3 was fed at 69 ug/MT during the starter period.  Figure 1 illustrates the 
improvement that occurred in both body weight (+ 3-4%) and F/G  
(- 3.2 points) at the conclusion of grow-out in both with small and large birds. Similarly, 
a 14-day study in Australia in which 25-OH D3 was fed only alone showed a 10-11% 
increase in body weight, as well as bone ash (Figure 2). 
 
In the presence of enteritis or a malabsorption malady, this pressure for proper nutrient 
absorption is only increased.  Vitamin D3 and 25-OH D3 were evauated for absorption in 
day 8 broiler straight-run birds that were induced to have malabsorption syndrome 
(MAS) by “seeder” birds in the same pen (Trouw Nutrition, Spain).  Treatments included 
diets with only vitamin D3 (2200 and 3700 IU/kg) or the same levels of vitamin D3 plus 
25-OH D3 (37.5 ug/kg).  In birds infected with MAS, plasma levels of 25-OH D3 were 



 

higher (P<.05) when 25-OH D3 was added to the diet (Figure 3).  Mortality was 
decreased (P<.05) with the addition of 25-OH D3 in the control and the MAS diets.  
Hence, in cases where malabsorption can occur, 25-OH D3 can be superior to vitamin 
D3. 
 

The absorption of 25-OH D3 occurs irrespective of fat absorption (Sitrin et al., 1987; 
Maislos et al., 1981), thus making 25-OH D3 an obvious consideration in starter diets for 
chicks and poults at a time when pancreatic lipase might be limited for cholecalciferol 
absorption.  Hence, as opposed to vitamin D3, 25-OH D3 conceivably would bypass this 
initial insufficiency in fat digestibility at a time when skeletal changes are rapidly 
occurring, and bone ash percent is being maximized.   

 
Hydroxylation of Vitamin D3.   
Upon absorption, vitamin D metabolites are bound to one of several vitamin D binding 
proteins. A large excess of these proteins exists (Haddad and Walgate, 1976), presumably 
to act as storage capacity during shortfalls in the diet, or to act as a buffer during times of 
excessive vitamin D intake.  Of the active vitamin D forms for poultry, the relative 
binding affinity of these proteins shows a distinct preference for 25-OH D3 over either 1, 
25-di OH D3 or vitamin D3 (Soares et al., 1995). 
Vitamin D3 is transported to the liver where most of its initial hydroxylation to 25-OH 
vitamin D3 occurs (Figure 4); some hydroxylation to 25-OH D3 can also exist in the 
chick intestine and kidney (Tucker et al., 1973). An age-related decline in hydroxylation 
efficiency has been reported (Soares et al., 1976), but research on this topic is limited. 
 

In a study involving 32 field outbreaks of leg disorders over a 4-year period, turkey 
poults with rickets had plasma 25-OH D3 levels of less than 50% relative to poults 
without rickets (from 19.4 to 8.1 ng/ml; Bar et al., 1987), while tibia ash levels declined 
by about 20% (Table 1). Most incidences occurred with poults through the initial 21 days 
of age.  The commercial feeds were found to be adequate in vitamin D3, Ca and P in all 
cases.  It was theorized that an insufficiency of blood levels of 25-OH D3 was due to 
inadequate hydroxylation of vitamin D3 to 25-OH D3. 

 
The administration of 25-OH D3 to poults with field rickets resulted in a rapid 
mineralization of the bones (Hurwitz and Bar, 1981).  Vitamin D3 did not have this same 
effect.  Similarly, studies at Roslin Institute and Auburn University found that 25-OH D3 
effectively decreased defective bone developments in broilers. Hence, in some cases of 
apparent vitamin D3 deficiency when vitamin D3 is determined to be adequate, 25-OH 
D3 corrects a deficiency that vitamin D3 itself does not. 
 
Other studies have been completed which clearly show that higher levels of vitamin D3 
do not substitute for the same response as 25-OH D3 (Calabotta, 1999).  Vitamin D3 of 2, 
4, 8 and 10 times reported commercial levels of vitamin D3 (Ward, 1993; recently 
updated), in this study, were clearly not as effective as was 25-OH D3 for body weight 
and F/G improvements. 
 
Hydroxylation of 25-OH vitamin D3.  The 25-OH D3 is transported to the kidney where 
it is hydroxylated in the mitochondria by 1-hydroxylase to form 1, 25-diOH vitamin D3 
and 24, 25-diOH vitamin D3.   This second hydroxylation of 25-OH D3 is under strict 
control, and dependent on the vitamin D, calcium, or phosphorus status of the animal, 



 

either directly or indirectly, avian or mammalian.  A number of hormones also exert 
control measures on this subsequent hydroxylation step. 
 
Even when chicks are given high levels of vitamin D3 or 25-OH D3, the level of 1, 25-
diOH D3 remains virtually unchanged (Yarger  et al., 1995), attesting to the strict control 
under which this metabolite exists.  Thus, the calcification of soft tissues during times of 
vitamin D3 toxicity indicates that 25-OH D3 or another metabolite can also influence Ca 
absorption.  In humans, a modest role for 25-OH D3 has been suggested.  Due to the 
much greater concentration and half-life of 25-OH D3 than of 1, 25-diOH D3, the 25-OH 
D3 may have more constant and long lasting effects (Bell et al., 1988). 
 
The function of 24, 25-diOH vitamin D3 in poultry remains somewhat elusive, although 
it does seem to have some biological activity for hatchability (Henry and Norman, 1978).  
Some studies in mammalian species (humans) suggest that a ratio of 25-OH D3 and 24, 
25-diOH may have more significance than 24, 25-diOH D3 by itself. 
 
Physiological levels of 25-OH D3.  As much as 80% of the circulating vitamin D activity 
in serum is associated with 25-OH vitamin D3 in humans (Ovesen et al., 2003). In 
healthy women, in an investigation to understand factors that affect Ca absorption, 25-
OH D3 was determined to outweigh the significance of 1, 25-diOH D3 for Ca absorption 
(Barger-Lux et al., 1995).  Similarly, in chicks, 25-OH D3 is also recognized as the major 
vitamin D metabolite in the blood (Haussler and Rasmussen, 1972).  Tissue levels of 25-
OH D3 may eventually become recognized with greater importance when considering its 
vitamin D functions and other potential metabolic roles (Ovesen et al., 2003), as well as 
possible markers for identifying causes of various skeletal deformations. 
 
In one study, chicks were found to contain 10 to 30 ng 25-OH D3/ml serum when fed no 
25-OH D3.  Those fed 69 ug HyD/kg feed had levels of about 55 to 80 ng 25-OH D3/ml 
serum.  Yarger et al. (1995) reported 1, 25-dihydroxy vitamin D3 to decline (P<.05) as 
dietary and blood levels of 25-OH D3 increased from 69 to  690 ug/kg  feed.  Tissue 
concentrations of 25-OH D3 were lowest in birds fed vitamin D3, but increased several-
fold when 25-OH D3 was fed, being highest in skin, leg and breast tissues, resp.  
Circulating and tissue levels were highly associated with dietary levels of 25-OH D3, at 
least within the levels fed. 
 
Similar data and trends have also been reported for turkeys (Lanenga et al., 1999) and 
laying hens (Terry et al., 1999). 
 

Recently, DSM developed a new and improved method that couples high performance 
liquid chromatography with mass spectrometry.  This technology permits an accurate 
determination of 25-OH D3 in vitamin premixes, commercial feeds and plasma samples 
through a multi-step extraction process.  The variation between duplicate tissue samples 
tends to range from 3-7%, and higher for feed samples.  In addition, the analysis of 25-
OH D3 can be conducted by procedures involving radioisotopes, or by commercial kits 
based on radio-immunoassay or ELISA.  However, these tend to be less accurate with 
more variation between duplicate samples. 

 
Hatchability of fertile eggs.  It has been known for sometime that vitamin D is essential 
for the hatchability of eggs.  A deficiency of this vitamin exerts itself by causing embryos 



 

to have a shortened mandible and other skeletal deformities, with death occurring after 
day 18 of incubation.  Maximum values for fresh weight and calcium content of embryo 
tibiae occur by day 19 of incubation (Kubota et al., 1981) 1, 25-diOH D3 is not 
transferred into the egg, and does not support hatchability any better than the absence of 
vitamin D supplementation in hen diets (Abdulrahim et al., 1979; Sunde et al., 1978).  
Conversely, 25-OH D3 fed to hens is known to result in optimal hatchability (Sunde et., 
1982; Hart et al., 1986) relative to any other known vitamin D metabolite. 
 
Avian embryos assimilate large amounts of Ca in their bones in a short amount of time, 
and being that the yolk contains insufficient amounts of Ca, this Ca must be derived from 
the eggshell.  25-OH D3 is easily transferred into the chicken and turkey egg.  This 
metabolite is then converted to 1, 25-diOH D3 by the embryonic kidney after day 8 to 
support the transfer of Ca from the eggshell, and assimilation into the embryonic 
skeleton. 
 

Hargis (2000) reported a large-scale field study involving 3 million breeders in which the 
inclusion of 25-OH D3 increased hatchability of fertile eggs from 79.5 to 82.5%.  25-OH 
D3 was fed from 26 to 65 weeks of age.  In this case, 25-OH D3 was in addition to 
vitamin D3 in the diet, thus indicating that vitamin D3 supplementation under field 
conditions may not be sufficient to optimize hatchability in broiler breeders, in such cases 
outlined by Hargis (2000). Data prior to, and subsequent to the Hargis study bears out a 
potential benefit from 25-OH D3 for the hatchability of fertile eggs. 

 
Penalva (unreported) conducted a replicated broiler breeder study in which control birds 
were fed 3.5 MIU vitamin D3/kg feed, compared to 2.0 MIU/kg plus the addition of 25-
OH D3 (69 mg/MT).  Thus, there were two treatments, each replicated 10 times, and 
taken from 25 to 55 weeks of age.  Amongst the results (Table 2), 25-OH D3 resulted in 
more chicks hatched/hen-housed (125.8 versus 119.0, P<.05) and more hatched eggs 
(151.6 versus 145.8, P<.05). 
 
In addition, in two separate field trials this year involving over two (2) million breeders, 
Penalva (unreported) noted an improvement in the hatchability of fertile eggs.  In one 
trial, this improvement with 25-OH D3 was 94.85 vs 93.26%; in trial #2, 25-OH D3 
increased hatch of fertile from 94.16 to 96.85%.  Other important variables were also 
increased with the use of 25-OH D3 in both studies, and 25-OH D3 and vitamin D3 were 
fed as in the replicated study. 
 
In turkeys, data are limited.  Manley et al. (1977), however, similarly noted an 
improvement in hatchability of eggs from hens fed 25-OH D3. 
 
The mechanism behind the improvement in hatchability is not clear but could be related 
to an improved transfer of 25-OH D3 into the egg.  The 25-OH D3 1-hydroxylase (to 
convert 25-OH D3 to 1, 25-diOH D3) attains maximal activity in the chick embryo by 
day 17 (Kubota et al., 1981), and eventually the transfer of Ca into bone.  Insufficient 25-
OH D3 in the egg would hinder this sequence of events, thus limiting Ca use from the 
eggshell for skeletal development and survival.  Noted earlier (Kubota et al., 1981), a 
vitamin D deficiency results in dead embryos by day 18 or immediately thereafter. 



 

In addition, eggshell quality may have been sufficiently improved to increase hatchability 
in a number of studies (Soares et al., 1995).  Calabotta (1997) notes that eggshell “percent 
cracks” was decreased from 5.38% to 3.76% in laying hens fed 25-OH D3 in two large-
scale field trials.  There have been a good number of studies in which eggshell quality or 
percentage cracks with positively affected by 25-OH D3, with shell thickness often being 
the variable affected (Charles  and Ernst, 1974; McLaughlin et al., 1976; Marrett et al., 
1975 and others). 
 
Thus, in essence, in spite of there being no studies that have elucidated the mode of 
action by which 25-OH D3 can improve hatchability, the preponderance of data indicate 
that this metabolite has a place in breeder programs. 
 
25-Hydroxy D3 and Tibial Dyschondroplasia (TD) 
The effect of 25-OH D3 on reducing TD (Sunde, 1975) or increasing bone ash 
(Applegate et al., 2003) has been well documented. 
 
Studies from the Roslin Institute (Rennie and Whitehead, 1996; Figure 5) showed 25-OH 
D3 (75 ug/kg feed) to decrease the percent abnormal tibial growth plates.  The percent 
normal growth plates in birds fed 25-OH D3 was 88%, while an equivalent amount 
vitamin D3 resulted in 35% having normal growth plates. 
 
Work at Auburn University likewise showed a definitive (P<.05) reduction in TD due to 
feeding 25-OH D3 up to 70 ug/kg feed (Zhang et al., 1997; Figure 5).  This reduction in 
TD was more pronounced in the low-TD birds, which had a rate more closely associated 
with commercial flocks.   As well, Mireles et al. (1996) has completed a number of 
broiler studies with 25-OH D3, with positive response in TD and improvements in body 
weight and F/G. 
 
These, and other studies, have led to the conclusion that reductions in TD pose as the 
reason for the body weight and F/G improvements often reported for 25-OH D3.  
However, to be sure, a reduction in TD by 25-OH D3 does not completely explain such 
responses. 
 
25-Hydroxy D3 and Broiler Trials 
The initial research for the commercialization of 25-OH D3 began with the determination 
of the optimal feeding level (Yarger et al., 1995).  Figure 6 shows the results for body 
weight and feed conversion from one of the trials.  From this and other studies, the 
recommendation for broilers became 69 ug/kg feed.  This remains as the current 
recommendation for broilers. 
 
A large number of broiler studies had been completed to evaluate 25-OH D3 on the live 
performance characteristics by the mid1990s (Ward, 1995).  Today, this compilation 
consists of 22 studies, although others have been conducted and reported in the literature.  
These all were floor pen studies designed to be similar to commercial conditions 
regarding diets, placement density, type of litter, etc.  In most cases, these were straight-
run birds grown on used litter in floor pens. 
 



 

Noteworthy is the average improvement in body weights of almost 2%, while F/G was 
improved by almost 4 points (Figures 7, 8, 9).  Mortality was improved slightly more 
than 8% across these 22 trials.  Thus, these trials provide ample evidence of the potential 
improvements in performance of broilers fed 25-OH D3. 
 

University of Arkansas researchers concluded that 25-OH D3 provided a greater safety 
margin under commercial stress-like conditions (Fritts and Waldroup, 2003).  Here, 
several levels of vitamin D3 were compared with equivalent amounts of 25-OH D3 in 
two similarly conducted floor pen trials.  At 21 and 42 days of age the body weight and 
tibia ash of birds fed 25-OH D3 were superior (P<.05) to those of birds fed equivalent 
levels of vitamin D3 at the lower levels of vitamin D supplementation.  At 21 and 42 
days, main effects for body weights, tibia ash, TD incidence and TD severity were most 
favorable (P<.05) for 25-OH D3.  F/G was improved (P<.05) with 25-OH D3 at 0 to 42 
days of age.  At 42 days of age, the 50 and 100 ug/kg 25-OH D3 gave the best results for 
TD incidence.   

 
Not all studies have shown 25-OH D3 to elicit an improvement in live performance with 
25-OH D3.  Bar et al. (2003) reported that 25 OH D3 and vitamin D3 performed similarly 
for body weight, bone ash and TD.  In diets with moderate P restriction, 25-OH D3 
provided improvements in body weight and bone ash. 
 
The exact nature or mechanism for the improved body weights and/or F/G in an 
overwhelming number of studies is not completely understood.  It is likely that, in part, 
the improvement in body and F/G due to 25-OH D3 is derived from the reduction in TD 
associated with feeding 25-OH D3, since TD can lead to lowered live performance.  But 
there have been reports whereby virtually no change has occurred in TD, or TD was not 
at a measurable level, and yet the feeding of 25-OH D3 led to body weight and/or feed 
conversion improvements. 
 
25-Hydroxy D3 and Turkey Trials 
The recommendation for turkeys was also developed several years ago, and remains the 
same today.  Early studies indicated that the optimal response for body weight, F/G and 
mortality was 99 ug/kg (Figure 10). 
 
Although data with turkeys are fairly limited, 25-OH D3 can effectively improve body 
weights and F/G.  In one of the earliest trials, Nicholas toms experienced an improved 
body weight (33 points; P<.06) and F/G (5.3 points; P<.20) up through the 130 day 
feeding period. 
 
Another trial with Nicholas toms was conducted with 8 replicates per treatment, and the 
birds were fed through 18 weeks of age.  In this case three treatments were imposed:  
vitamin D3 (2.67 MIUkg); vitamin D3 plus 25-OH D3 (1.33 MIU/kg and 33.4 ug/kg); 
25-OH D3 (66.75 ug/kg).  The best result was with 25-OH D3 alone.  At 18 weeks, body 
weight for best (P<.04) at 34.16 lbs for the 25-OH D3 group, while the vitamin D3 and 
combination groups were 33.19 and 33.58 lbs, resp (Figure 11).  F/G was also improved 
(P<.0.02) with the 25-OH D3 group alone at 2.44, compared to 2.50 and 2.46 for the 
vitamin D3 and combination groups, resp. 
 



 

In another trial, toms and hens were fed separately, for 101 and 133 days, resp., during 
which three treatments were fed: 2.7 MIU/kg vitamin D3; 1.35 MIU D3 plus 49.5 ug/kg 
25-OH D3; or 99 ug/kg 25-OH D3.  The 25-OH D3 provided body weight increases over 
vitamin D3 alone for both hens and toms (0.62 and 0.69 lbs/bird, resp.).  In addition, 
improvements in F/G of 8.6 points (hens) and 12.7 points (toms) were determined.  No 
difference in mortality was reported.  See Figure 12. 
 
To the contrary, however, Roberson (2002) reports no additional benefit to adding 25-OH 
D3 to turkey diets. 
 
It would seem that 25-OH D3 would offer its greatest benefits up through 9 to 12 weeks 
of age, taken with that being the peak during which TD occurs in turkeys (Poulos, 1978).  
But in effect, data with turkeys show 25-OH D3 to be an efficacious product for 
improving live performance in turkeys. 
 
Phosphorus sparing effect of 25-OH D3. 
Work by Dr. R.A. Angel at the University of Maryland and Dr. T.A. Applegate at Purdue 
University in a number of studies finds 25-OH D3 to have a phosphorus sparing effect of 
about 0.04% in broilers and turkeys. Depending on P source and the digestibility used for 
P, this could amount to 4 to 6 lbs of P in a commercial diet. 
 
They suggest different potential mechanisms by which this occurs (Applegate and Angel, 
2002; Applegate et al., 2003).  The rapid (tanscaltachia) and slow (via calcium-binding 
proteins) phases of calcium uptake in the small intestine might be improved with 25-OH 
D3.  This would decrease the amount of calcium that binds to phytic acid (phytase is less 
capable of breaking down the calcium-phytate). 
 
In addition, some phytases are inhibited by high levels of P (Wodzinski and Ullah, 1996), 
and the improved P uptake into the blood due to vitamin D3 (25-OH D3) would decrease 
the amount of P in the intestinal tract that might act to impair phytase activity. 
 
To date, there has been little discussion on this effect of 25-OH D3, but taken with the 
potential feed-cost advantage and effect on P excretion, more attention should be given to 
this aspect of 25-OH D3. 
 

Conclusions 
The vitamin D metabolite, 25-OH D3, has shown a variety of commercial advantages in 
live performance for poultry that exceeds vitamin D3, in line with suggestions in humans 
that 25-OH D3 serves functions that may go well beyond that of commonly known for 
vitamin D3.  Some of the basic modes of action have not been resolved, but research 
continues to probe this aspect. 
 
For poultry raised under commercial stress, 25-OH D3 shows tremendous promise for 
improving economics of production through body weight gains, F/G efficiency and 
hatchability. 
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Figure 1.  Effect of 25-OH vitamin D3 
Starter Feeds Only (69 ug/kg)
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Figure 2.  Effect of 25-OH vitamin D in 
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Figure 3. Effect of Malabsorption on 
Absorption of Vitamin D3 and 25-OH D3

Pl
as

m
a 

25
-O

H
 D

3 
Le

ve
ls

 (n
m

ol
/l)

0
20
40
60
80

100
120
140
160
180
200

Control MAS Model

2,200 D3
3,800 D3
2,200 D3 + 37.5 HyD
3,800 D3 + 37.5 HyD

c c c c

bc
bc

a
ab

Figure 4. Vitamin D Metabolism Review

7–dehydrocholesterol - Skin

Vitamin D3 - Liver 

25-OH  D3 - Plasma

Dietary D3 - Intestine 

Hy•D® is
25-OH D3

Sunlight

1, 25-OH D3 - Kidney

Intestine
Ca & P Bone

Immune 
System 

Absorption
(active vs. passive)Hello



0

2

4

6

8

10

12

Zhang et al., 1997

(Diet Induced) Control D3 Hy•D®

68 mg/mt 68 mg/mt
Percent Normal           35.0%        88.0%
Tibial Growth Plates

Percent Abnormal
Tibial Growth Plates % %

Serverity 0 25.0 2.0
Serverity 1 12.5 2.0
Serverity 2 16.7 6.0
Serverity 3 10.4 2.0

100.0 100.0

Rennie and Whitehead, 1996

TD Severity TD Incidence

Figure 5. Effect of 25-OH D3 on Tibial
Dyschondroplasia

Commercial type broiler (% of flock)

D3 Only
69 mg/mt
345 mg/mt

Table 1. Comparison of variables in 
poults with field rickets

Variable Field rickets Normal Vitamin D-
deficient 

Bone ash, % of 
DM 

33.1 40.8 29.6 

Plasma Ca, mg/dl 9.1 11.0 9.3 
Plasma, P, mg/dl 4.7 7.5 4.3 
Plasma 25-OH 
D3, ng/ml 

8.1 19.4 1.6 

Duodenal CaBP, 
ug/g 

0.5 2.6 0.1 

 
Bar et al., 1987



Table 2. Effect of 25-OH vitamin D on egg 
production, hatchability and hatched chicks 
in broiler breeders

Vitamin D3      25-OH D3   P value
Egg/hen-housed 154.6 159.7            <.05
Hatchability (eggs/hen)       145.8                 151.6     <.05
Chicks/hen-housed 119.0                 125.8    <.05

Penalva, unreported

Body Weight (kgs.)

2.20
2.22
2.24
2.26
2.28
2.30
2.32
2.34

34.5 46.0 58.6 68.9 86.1 103.4

Hy-D Dose (µg/kg. of feed)

Recommended Level of 69 mg/mt

Figure 6.  Dose Response For 25-OH 
Vitamin D3 (Yarger et al., 1995)
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Figure 7. Feed Conversion-Weight Gain
of Broilers in 22 Studies

Trial Location 25-OH D3       D3       Diff. Pts.    Conf.   25-OH D3       D3      Diff. %    Conf.
1 PARC 90-11 1.906 1.926 2.00 82 2.10 2.07 1.35 95
2 CQR AM-1-91 1.896 1.937 4.10 >99 2.59 2.59 -0.14 15
3 CQR AM-1-92 1.913 1.951 3.80 95 2.54 2.51 1.30 >99
4 CQR AM-2-92 2.053 2.088 3.50 72 2.52 2.49 1.31 99
5 CQR AM-1-93 1.981 2.059 7.80 97 2.51 2.42 3.60 >99
6 PARC AMO-07B 1.980 2.043 6.30 92 2.06 2.02 2.06 96
7 PARC AMO-08B 1.907 1.943 3.60 95 2.09 2.06 1.36 96
8 PARC AMO-09B 1.824 1.848 2.40 94 2.06 2.03 1.38 98
9 PARC AMO-10B 1.938 2.005 6.70 >99 2.39 2.30 3.58 >99
10 CQR AM-3-93 2.112 2.088 -2.80 24 2.75 2.69 2.06 >99
11 PARC AMO-14B 1.891 1.942 5.10 >95 2.09 2.08 0.47 <95
12 PARC AMO-14B 1.885 1.942 5.70 >95 2.12 2.08 2.00 >95
13 PARC AMO-13B 1.929 1.959 3.00 >95 2.09 2.05 1.81 >95
14 PARC AMO-13B 1.902 1.935 3.30 >95 2.08 2.03 2.49 >95
15 CQR AM-4-94 1.977 2.030 5.30 >95 2.45 2.44 0.41 <95
16 CQR AM-5-94 2.083 2.175 9.20 <95 2.45 2.39 2.31 >90
17 CQR AM-5-94 2.121 2.175 5.40 <95 2.45 2.39 2.31 >90
18 CQR AM-95-1 1.933 1.961 2.80 83 2.54 2.48 2.60 98
19 CQR AM-95-1 1.946 1.961 1.50 73 2.51 2.47 1.69 95
20 HMS 2.000 1.958 -4.20 2.48 2.43 1.90 98
21 HMS 1.966 1.958 -0.80 2.48 2.43 2.09 99
22 Kasetsart 1.768 1.857 8.90 95 1.52 1.44 5.70 95
Average 1.944 1.984 3.96 2.31 2.27 1.92
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Figure 9. Feed Conversion- 22 Broiler Trials

-6
-4
-2
0
2
4
6
8

10

1 3 5 7 9 11 13 15 17 19 21 Ave.

Trial Number

Feed Conversion Advantage Over Control

3.96 pts.

0.00

0.05

0.10

0.15

0.20

D3 49.5 99.0 495.0 990.0

Dose Level

Body Weight Change

Figure 10.  Dose Response for 25-OH D3 in 
Turkeys
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Introduction 
 
 Animal health depends on many factors and recently it has been appreciated that 
diet plays a pivotal role in health maintenance and prevention of various diseases. Among 
many dietary factors, antioxidants have a special place being major players in the battle 
for animal survival, maintenance of animal health, productive and reproductive 
performance. This is largely because of the detrimental effects of free radicals and toxic 
products of their metabolism on various metabolic processes. 
 
Do not free radicals 
 
 Free radicals are atoms, molecules or any compounds containing one or more 
unpaired electrons. Most biologically-relevant free radicals are derived from oxygen and 
nitrogen.  Both these elements are important for animal life, but in some circumstances 
they can be converted (deliberately or by chance) into free radical molecules.  Free 
radicals are highly unstable, very reactive and are capable of damaging molecules such as 
DNA, proteins, lipids or carbohydrates.  Damage to DNA is associated with mutations, 
translation errors, and disruption of protein synthesis.  In some cases damage to DNA 
leads to cancer.  Damage to proteins causes modifications in ion transport and receptor 
functions, as well as altered enzymatic activities.  Polyunsaturated fatty acid oxidation 
alters membrane composition, structure and properties (fluidity, permeability, etc) and 
activity of membrane-bound enzymes.  The damage to biological molecules ultimately 
compromises growth, development, immunocompetence and reproduction.  
  Cells are under constant attack by free radicals, many of which are formed as a 
natural consequence of normal metabolic activity and as part of the immune system's 
strategy for destroying invading microorganisms (Table 1).  For example, under normal 
physiological conditions about 3-5% of the oxygen taken up by the cell undergoes 
univalent reduction leading to the formation of free radicals (Singal et al., 1998).  About 
1012 O2 molecules processed by each rat cell daily and the leakage of partially reduced 
oxygen molecules is about 2%, yielding about 2 x1010 molecules of reactive oxygen 
species (ROS) per cell per day (Chance et al., 1979). Furthermore Helbock et al. (1998) 
have shown that the DNA in each rat cell was hit by about 100,000 free radicals a day; 
and each cell sustains as many as 10,000 potentially mutagenic (if not repaired) lesions 
per day arising from endogenous sources of DNA damage (Ames and Gold, 1997). Some 
oxidative lesions escape repair; and the steady state level of oxidative lesions increased 
with age. An old rat had accumulated about 66,000 oxidative DNA lesions per cell 
(Ames, 2003). An interesting calculation has been made by Halliwell (1994). He assumed 
that in mitochondria about 1-3% of oxygen consumed may leak from the electron 
transport chain to form superoxide radical and took into account that an adult at rest 
utilises approximately 3.5 ml O2/kg/minute or 352.8 liters/day (assuming 70 kg body 



  

mass) or 14.7 moles/day. Therefore if 1% form superoxide this would be 0.147 
moles/day or 53.66 moles/year or about 1.72 kg/year of superoxide radical. In stress 
conditions this amount would be substantially increased. In addition to free radicals 
formed as a natural consequence of oxygen metabolism, immune cells produce free 
radicals as a means to destroy pathogens (Kettle and Winterbourn, 1997). These 
calculations show that free radical production in the body is substantial and underscore 
the fact that thousands of biological molecules can be easily damaged if not protected.  
 
Natural antioxidants 
For the majority of organisms on earth, life without oxygen is impossible, animals, 
plants and many microorganisms relying on oxygen for the efficient production of 
energy. However, the high oxygen concentration in the atmosphere is potentially toxic 
for living organisms. During evolution specific antioxidant evolved as protective 
mechanisms against the free radicals continually being produced. These mechanisms 
allowed survival in an atmosphere where oxygen concentration was rising. 
 In nature there are thousands of compounds possessing antioxidant properties. 
There are both fat-soluble (vitamin E and carotenoids, etc.) and water-soluble (ascorbic 
acid, glutathione, bilirubin, etc.), they can be synthesised in the body (ascorbic acid, 
glutathione) or are delivered with food/feed (vitamin E, carotenoids, Se etc.). The 
antioxidant enzymes that are synthesised in the body require metal co-factors. For 
example selenium in the form of selenocysteine is at the active site of several families of 
enzymes such as the glutathione peroxidases (GSH-Px) and thioredoxin reductase (TR). 
Zinc, copper and manganese are integral parts of another antioxidant enzyme family 
called superoxide dismutases (SOD); and iron is an essential part of the antioxidant 
enzyme called catalase. Only when these metals are delivered with the diet in sufficient 
amounts can the body synthesise the antioxidant enzymes. In contrast, deficiency of those 
elements causes oxidative stress and allows damage to biological molecules and 
membranes. 
 It is important to realize that all antioxidants in the body function in concert to 
provide antioxidant defence. The role of each member of the antioxidant ‘team’ is well 
defined. For example, selenium is part of several different selenoproteins that regulate 
antioxidant defence in different tissues and in different ways. It is primarily, but not 
exclusively intracellular. Vitamin E provides antioxidant defence in lipids, specifically 
biological membranes. The function of each is important to the effectiveness of the other 
antioxidants. For example, vitamin C ‘recycles’ vitamin E from oxidized form to become 
active again, while glutathione does the same for vitamin C. If the diet is balanced and 
sufficiently provided with dietary antioxidants and antioxidant nutrients, then even low 
doses of such antioxidants as vitamin E are effective. On the other hand, under conditions 
of oxidative stress where free radical production dramatic increases, then without external 
help it is difficult to prevent damage to major organs and systems. This external help 
takes the form of increased dietary supplementation of natural antioxidants, especially 
vitamin E and selenium. For the nutritionist or feed formulator the challenge is to 
understand when and how much external ‘help’ is needed and economically justified. The 
list of stressors in poultry production is shown below (Surai, 2002a): 
 

• Time between when the egg is laid and its cooling down for storage. Eggs should 
be collected more frequently on warm days. In such conditions free radical damage to 
lipids and proteins can occur and additional antioxidant protection would be 
beneficial. 

 



  

• Egg storage before incubation could be associated with lipid peroxidation within 
the egg membranes, which contain high levels of PUFAs.  Increased Se concentration 
in combination with other antioxidants (vitamin E and carotenoids) could be an 
effective means to prevent damaging effects of free radicals produced within the egg. 

 
• Temperature, humidity and carbon dioxide concentration fluctuations during 
incubation. Fluctuation can also affect embryonic development, oxidation and 
phosphorylation in embryonic tissues leading to free radical production.  For example, 
high carbon dioxide concentrations during incubation can jeopardise embryo 
liveability. 

 
• Day 19 of embryonic development is an important point when risk of lipid 
peroxidation is very high. At this stage chick tissues are characterised by 
comparatively high levels of PUFAs.  At the same time, concentrations of natural 
antioxidants (vitamin E and carotenoids) have not reached maximum.  At this stage of 
development pipping occurs; and oxygen availability to tissues increases.  Low 
antioxidant status in combination with high temperature, humidity, and PUFAs could 
increase susceptibility to lipid peroxidation. 

 
• Hatching time is an environmental stress for the chick.  At this point natural 
antioxidant concentrations have reached maximum, but high levels of lipid 
unsaturation in tissues, decreasing concentrations of ascorbic acid (can limit vitamin E 
recycling) and high temperature and humidity increase risk of lipid peroxidation. 
 
• Delay in collecting chicks from incubator. Since not all chicks are hatched at the 
same time because of heterogeneity of the starting material (eggs from older breeders 
hatch earlier than those from young flocks and chicks from smaller eggs hatch earlier 
than those from large eggs), some would be in the incubator for 2-12 hrs longer than 
others.  This puts pressure on antioxidant defence capacity.  Furthermore, any delay in 
food and/or water intake after hatching usually negatively affects a number of 
performance parameters and a delay occurs in the maturation of the enzymatic systems 
that control metabolism and free radical production and protection against them. 
 
• Transportation from hatchery to farm is another source of stress.  For breeding 
companies where chicken transportation could involve several thousand miles, a very 
high degree of stress would be associated with temperature fluctuation and 
dehydration. 
 
• Suboptimal temperatures in the poultry house. Cold tolerance as well as feather 
cover is influenced by thyroid hormone activity, which is Se-dependent through the 
selenoenzyme iodothyronine deiodinase. 
 
• High levels of ammonia and CO2 in the poultry house as a result of inadequate 
ventilation. This could substantially decrease antioxidant system efficiency. 
 
• Disease challenge. Phagocytic immune cells themselves produce free radicals in the 
process of killing internalised pathogens.  Without adequate antioxidant nutrient 
reserves, cellular machinery can be damaged by the free radicals thereby reducing the 
effectiveness of the immune cell.   In addition, Se is considered to have a specific role 
in immune system regulation, which could be independent of its antioxidant functions.  
 



  

• Vaccination is also a substantial stress; and in some cases using vitamin E, for 
example, as a vaccine adjuvant can help improve vaccination efficiency.  
 
• Induced moulting with feed withdrawal is an important stress condition when 
decreased efficiency of heterophil function increases bird susceptibility to various 
infections. 
 
• Mycotoxins can substantially decrease antioxidant assimilation from the feed and 
increase their requirement to prevent damaging effects of free radicals produced as a 
result of mycotoxin exposure. 

 
• Heavy metals and other toxicants (dioxine, pesticides, fungicides, herbicides, etc.) 
in the feed can also cause oxidative stress, decreasing immunocompetence, productive 
and reproductive performance and increasing requirements for antioxidants. 

 
• Oxidized fat in the diet can cause oxidative stress in the intestine increasing 
antioxidant nutrient requirements. When a chicken diet includes spent fat after its high 
temperature treatment, the fat usually contains peroxides and hydroperoxides that can 
contribute substantially to oxidative stress. It is necessary to evaluate benefits vs 
disadvantages of using such fat sources. 

 
• Extensive preventive medication (coccidiostats or other veterinary drugs in the 
diet) can decrease antioxidant assimilation from the diet or increase their requirement to 
deal with generated stress conditions.  For example, monensin can stimulate lipid 
peroxidation in the chicken liver.  Similarly, oral furazolidone treatment of chickens 
was associated with a decreased vitamin E concentration and increased lipid 
peroxidation in their liver. 
 
• Vitamin A excess in the diet is shown to cause an oxidative stress decreasing 
vitamin E and carotenoid concentrations in tissues and increasing tissue susceptibility to 
lipid peroxidation. 

 
The list of potential stresses can vary from one poultry farm to another, but overproduction 
of free radicals and the critical need for antioxidant protection are common factors. 
 

Let’s consider major steps of antioxidant defence to help a nutritionist to make a 
decision. Three major levels of antioxidant defence are shown in Figure 1. 

Since superoxide radical is the major radical produced in physiological conditions 
in the body (in the cell) the first level of antioxidant defence is based on the activity of 
superoxide dismutase, an enzyme responsible for converting superoxide radical into 
hydrogen peroxide. The next part of this level of defence is based on the activity two 
other antioxidant enzymes called GSH-Px and catalase which are responsible for 
conversion of hydrogen peroxide into water.  Metal-binding proteins are responsible for 
prevention of appearance of Fe and Cu in free catalytic form and also belong to the first 
line of antioxidant defence.  Recently it was shown that another Se-dependent enzyme 
thioredoxin reductase also belongs to the first level of antioxidant defence. 

 
Since first level of antioxidant defence is not sufficient to completely prevent free 

radical formation and lipid peroxidation, the second level of antioxidant defence is 
responsible for prevention and restriction of chain free radical reactions.  They do this job 



  

mainly by scavenging free radicals and converting them into less reactive compounds.  
For example, when vitamin E reacts with peroxyl radical, hydroperoxide is produced and 
vitamin E is oxidised: 

 
Vit. E + ROO* =  ROOH (hydroperoxide) + Vit.E-oxidized 
 
In such reactions antioxidants are oxidized and can loose their activity.  Due to 

recycling reactions the oxidized antioxidants can be regenerated back to active form.  
This explains why it is so difficult to produce vitamin E deficiency in adult animals.  
Surprisely enough, vitamin E, well known as a major antioxidant in biological systems, 
performs only half a job in preventing lipid peroxidation by converting a  free radical into 
hydroperoxide.  In fact lipid hydroperoxides are still toxic and in presence of transition 
metals (Fe or Cu) could generate a range of powerful free radicals.  The main enzyme 
responsible for detoxification of the hydroperoxide is Se-GSH-Px.  Vitamin E and Se are 
working in a tandem and even very high doses of vitamin E in the diet cannot replace Se 
which is needed (in the form of GSH-Px) to complete the second part of antioxidant 
defence as mentioned above.  Therefore, Se-dependent GSH-Px is responsible for 
detoxification of this hydroperoxide and Se as an integral part of this enzyme belongs to 
the first and second levels of antioxidant defences. 

 
Even the second level of antioxidant defence is not able to prevent damages to 

biological molecules and some lipids, proteins, carbohydrates as well as DNA are 
damaged. Therefore the third level of antioxidant defence is based on the activity of 
specific enzymes (lipases, proteases, DNA-repair enzymes etc.) which remove or repair 
damaged molecules. 
 
Natural antioxidants in feed ingredients 
 

It has been suggested that antioxidant/prooxidant balance in the body is 
responsible for maintaining human and animal health, productive and reproductive 
performances of farm animals. In general, an excess of free radicals, or lack of 
antioxidant protection, can shift this balance producing oxidative stress. It is well 
recognised that oxidative stress plays a major role in many degenerative pathologies and 
free radical formation is considered as a pathobiochemical mechanism involved in the 
initiation or progression phase of various diseases. In fact, it is widely believed that most 
of human and probably animal diseases at different stages of their development or 
progression are associated with free radical production and metabolism. 
 

The antioxidant-prooxidant balance can be adversely modulated by sub-optimal 
diets and nutrient intakes or positively affected by dietary supplementation. Therefore, 
feed components can modulate maintenance of this balance and may thereby influence 
the rate of ageing as well as disease resistance of the human and animals. Thus, the most 
important step in balancing oxidative damage and antioxidant defence in the animal body 
would be to enhance the antioxidant capacity by optimising the dietary intake of 
antioxidants. 

 
 Animal diet contains a range of different compounds that possess antioxidant 
activities. Let’s briefly consider main dietary antioxidants (Surai and Dvorska, 2002b). 
 
Vitamin E 
• main chain-breaking antioxidant in biological systems 



  

• is located in biological membranes and lipid droplets 
• absorbed in the small intestine with various efficiency depending on the diet 

composition, level of supplementation, age, sex and other individual characteristics of 
animals 

• accumulated to some extent in the liver and adipose, however, this deposition is not 
sufficient to maintain physiological requirement for a long time 

• crude plant oils are richest source of vitamin E, however, oil refining decreases vitamin 
E concentration dramatically. 

• not stable and easily oxidized. Commercial preparations are usually contain esterified 
forms of the vitamin (e.g tocopheryl acetate) which is comparatively stable during 
storage but does not possess antioxidant activity itself, only after digestion in the 
intestine it is converted to active alpha-tocopherol 

•  not toxic and even very high doses are not associated with hypervitaminosis 
• comparatively expensive 
• recent data showed that increased vitamin E supplementations beneficial for animals in 

stress conditions 
•  
Carotenoids 
• natural pigments, responsible for yellow, orange and sometimes red pigmentation in 

plants, insects, birds and marine animals 
• possess antioxidant activity 
• have some health promoting properties, including immune system modulation 
• there is no established requirements for animals 
•  some plant-derived feed ingredients are rich in carotenoids, but animal–derived feed 

ingredients are poor sources of carotenoids  
• not stable and oxidized during food storage 
• reserves in the body are limited 
 
Vitamin C 
• universal water-soluble antioxidant 
• working in a close relationship with vitamin E, recycling it from oxidized form 
• important anti-stressor agent 
• synthesised in farm animals 
• in stress conditions dietary supplementation is beneficial 
• easily oxidized 
 
Glutathione 
• cellular antioxidant 
• synthesised in animals 
• intracellular redox status sensor 
• important in stress conditions 
• dietary supplementation is not proven to be effective 
 
Selenium 
• trace element 
• essential part of a range of selenoproteins, including glutathione peroxidase (GSH-Px), 

thioredoxin reductase (TrxR), iodothironine deiodinase (ID) and some others 
• food ingredients contain variable concentrations of Se, but most of them are deficient 

in this element 



  

• physiological requirement is low, but if not met, antioxidant system is compromised 
with detrimental consequences for animal health 

• in high doses is toxic 
• there are two major sources of Se for animals: a natural source in the form of 

selenomethionine and  inorganic selenium in the form of  selenite or selenate  
• it is proven that organic selenium has a range of advantages for animals 
 
Zinc 
It is the second most abundant trace element in mammals and is a component of over 300 
enzymes and taking part in 
• antioxidant defence as an integral part of SOD; hormone secretion; keratin generation 

and epithelial tissue integrity; nucleic acid synthesis; protein synthesis; sexual 
development and spermatogenesis; immune function 

Organic Zn is characterised by improved availability in comparison to inorganic sources 
and is considered to be beneficial for animal health. 
 
Copper 
It is an essential component of a range of physiologically important metalloenzymes and 
taking part in: 
• antioxidant defence as an integral part of SOD; cellular respiration; cardiac function; 

bone formation; carbohydrate and lipid metabolism; immune function; connective 
tissue development; tissue keratinization; myelination of the spinal cord 

Inorganic copper has a strong prooxidant effect and if not bound to proteins could 
stimulate lipid peroxidation in feed or even more importantly in the intestinal tract. 
Organic copper does not possess prooxidant properties and can improve Cupper status of 
animals 
 
Iron 
It has a vital role in many biochemical reactions taking part in: 
• antioxidant defence as an essential component of catalase; energy and protein 

metabolism; heme respiratory carrier; oxidation/reduction reactions; electron transport 
system 
Iron is a very strong prooxidant and if not bound to proteins can stimulate lipid 

peroxidation. This is especially relevant to digestive tract where lipid peroxidation can be 
stimulated which can cause enterocyte damages and decreased absorption of various 
nutrients especially antioxidants. If iron is included in premix in inorganic form it can 
stimulate vitamin oxidation during storage. Therefore organic iron could be a solution to 
avoid those problems and improve iron status of animal. 
 
Manganese 
It is plays an important role in body metabolism as an essential part of a range of enzymes 
taking part in 
• antioxidant protection as an integral part of SOD; bone growth and egg shell formation; 

carbohydrate and lipid metabolism; immune and nervous function; reproduction 
Similar to other organic minerals organic manganese seems to be better assimilated from 

the diet 
 

 Let’s consider two major applications of natural antioxidants in relation to animal 
production, in particular their role in reproduction and immunocompetence. 
 



  

Antioxidants and male fertility 
 

The process of fertilisation of ova is very complex and well regulated. For 
example, in order to be fertile animal spermatozoa should be characterised by high 
motility and acrosome integrity. Furthermore to be motile the spermatozoa should have 
intact mitochondria (energy-producing stations in the cell) and high membrane flexibility 
and fluidity. To maintain those membrane properties there is a need for high level of 
polyunsaturated fatty acids (Surai et al., 2003). In fact spermatozoa from all animal 
species are characterised by extremely high proportions of those fatty acids and as a 
result they become very vulnerable to oxidative stress due to overproduction of free 
radicals. To deal with those dangerous conditions the antioxidant system of the 
spermatozoa includes fat-soluble and water-soluble chain-breaking antioxidants as well 
as antioxidant enzymes.  

Understanding of involvement of selenium in maintenance of semen quality came 
from data on selenoproteins. In particular, there are several selenoproteins, which are 
found in spermatozoa. For example, glutathione peroxidases (GSH-Px), a family of 5 
important antioxidant enzymes, are responsible for prevention of damaging effects of free 
radicals and toxic products of their metabolism on spermatozoa. The last (5th) member of 
this family of selenoproteins, so called sperm nuclear GSH-Px was identified only two 
years ago. It seems likely that thioredoxin reductase (TR) is also involved in antioxidant 
defence in spermatozoa, but there are no data available at present to confirm this. 
Furthermore, a specific sperm capsular selenoprotein is located in the midpiece of 
spermatozoa. Recently it was identified as phospholipid hydroperoxide glutathione 
peroxidase, a form of Se-dependent GSH-Px. Since mitochondria are the main source of 
free radicals in the spermatozoa and they are located in midpiece, antioxidant protection 
there is a crucial factor for sperm motility and fertilizing ability. For example, Se-
deficiency caused various sperm abnormality in this region (Surai, 2002) resulting in 
decreased fertilising ability and organic selenium dietary supplementation is more 
efficient in improving semen morphology than selenite (Edens, 2002). Experiments with 
Sel-Plex in the cockerel diet proved the point: organic selenium also increases duration of 
fertility (Agate et al., 2000). 
 
Natural antioxidants and chicken embryonic development 
 
 Chick embryo tissues contain a high proportion of highly polyunsaturated fatty 
acids in the lipid fraction and therefore need antioxidant defence.  Tissues of newly 
hatched chicks express a range of antioxidant defences including natural antioxidants 
(vitamin E, carotenoids, glutathione, ascorbic acid) and antioxidant enzymes (superoxide 
dismutase, glutathione peroxidase and catalase) as well as antioxidant enzyme cofactors 
(Se, Zn, Mn and Fe) (Surai, 2002). Of these, vitamin E, carotenoids and metals, including 
Se, are delivered from the maternal diet via the egg and the others are synthesised in the 
tissues.  

There are tissue-specific features in antioxidant composition. For example, the 
highest level of vitamin E was found in the liver and lowest in the brain. Carotenoids also 
were concentrated in the liver. However, brain was substantially enriched in ascorbic acid; 
and it was suggested that in the brain an effective recycling of vitamin E by ascorbic acid 
could maintain effective antioxidant protection even with low level of vitamin E. Highest 
Se-GSH-Px was observed in the liver and kidney, but lowest in the brain. In newly hatched 
chicks Se concentrations in tissues can be placed in the following order: 
liver>kidney>lung> heart>brain>muscle. Therefore, it has been suggested that brain lipid 
composition and antioxidant concentrations predispose this tissue to be most vulnerable to 



  

lipid peroxidation. It might well be that these features of the brain are involved in 
nutritional encephalomalacia development in the case of low vitamin E and Se 
supplementation. 
 It is necessary to underline that maternal diet composition is a major determinant of 
antioxidant system development during embryogenesis and in early postnatal development. 
Vitamin E, carotenoids and selenium are transferred from feed into egg yolk and further to 
embryonic tissues. Our observations indicate that an increased antioxidant supplementation 
of the maternal diet can substantially increase their concentrations in developing chick 
tissues and significantly decreases susceptibility to lipid peroxidation.  There is tissue 
specificity in Se transfer from egg to the embryo.  For example, in contrast to the liver, 
there was only a trend (non-significant) toward higher Se accumulation in the brain of 
chickens hatched from the egg enriched in Se.  It is important to mention that there was a 
positive effect of Se supplementation of the maternal diet on the levels of vitamin E in the 
liver, brain and blood plasma of day old chicks. A positive effect of Se supplementation of 
the maternal diet was seen at day 5 and 10 post-hatch when vitamin E concentrations in the 
liver and plasma were significantly elevated compared to controls.  The mechanisms for 
this sparing is not clear, but could be related to Se antioxidant properties.  It is also 
possible that Se can affect other aspects of vitamin E metabolism and transport to target 
tissues. 

GSH-Px activity in the liver of day old chicks depends on Se supplied in the 
maternal diet.  Low dietary Se was associated with decreased Se in egg yolk; and as a 
result Se-GSH-Px activity in the liver of newly hatched chicks significantly decreased 
(Surai, 2002).  An efficient carry-over of Se and vitamin E from hens to progeny was 
indicated by a significant increase in muscle Se, liver GSH-Px activity and vitamin E 
content at hatching (Hassan et al., 1990).  There was no difference in Se-GSH-Px activity 
in the liver in response to further increased  Se supplementation (from 0.2 to 0.4 mg/kg), 
which probably means that inclusion of 0.2 mg/kg Se in the maternal diet provides enough 
Se to the egg and embryonic tissues to meet the requirement for the maximum Se-GSH-Px 
activity.  GSH-Px activity in the liver increased throughout embryonic development 
reaching maximum at time of hatching.  In the liver of the newly hatched chick, Se-
dependent GSH-Px is the major form of the enzyme comprising about 61% of total 
activity.  In the majority of the tissues of the newly hatched chick there was a highly 
significant correlation between Se level and the activity of Se-GSH-Px.  
 In our study it has been shown that the effect of Se in the maternal diet is still 
apparent at 5 and 10 days of postnatal development.  This finding suggests that Se 
accumulated in the liver of newly hatched chicks is actively used during the first days of 
postnatal development.  It is possible to suggest that Se assimilation from the diet is low 
just after hatching and the chick relies on the reserves of the element accumulated during 
embryogenesis (Surai, 2002). Furthermore, our recent data from quail experiment indicate 
that increased Se levels in the diet as a result dietary organic Se supplementation are 
associated not only with increased Se level in tissues of newly hatched quail, but also at 
day 7 and 14 posthatch (Surai et al., not published). 
 Postnatal development of the chick is associated with changes in the antioxidant 
defence strategy.  The main antioxidant protection of newly hatched chicks is afforded 
through high concentrations of natural antioxidants, mainly vitamin E and in some cases 
(wild birds) carotenoids in tissues.  However, during the first 10 days post-hatch, vitamin E 
and carotenoid concentrations in the chicken liver decreased 20-fold; and the same is true 
for turkeys, ducks and geese. Therefore to compensate for this decrease in antioxidant 
potency, activity of GSH-Px in the liver significantly increased.  As a result, this Se-
dependent enzyme becomes the major player in antioxidant defence during postnatal 
development of the chicken.  



  

 Our data indicate that Se supplementation of the breeder diet at 0.2-0.4 ppm in the 
form of organic Se could provide substantial protection against free radicals and associated 
toxic metabolites to newly-hatched chicks.  The benefit of organic Se use in breeder's diet 
lies in its efficient absorption, transport and accumulation in egg and embryonic tissues.  
This results in enhanced antioxidant status of the newly hatched chick. Since after hatching 
the levels of major natural antioxidants (vitamin E and carotenoids) in tissues progressively 
declines, the antioxidant enzymes are a critical part of antioxidant defence.  Therefore 
enhanced GSH-Px activity in tissues as a result of organic Se supplementation of the 
maternal diet could be considered an effective means of increasing chick viability post-
hatch. Enhancing antioxidant system capacity may also enhance immune response, which 
is extremely important at this period of chicken development.  
 In general there is some evidence to show that in commercial conditions inclusion 
of organic selenium into the breeder's diet is associated with improved hatchability.  
Furthermore organic selenium supplementation of the maternal diet decreased chick 
mortality for the first two weeks posthatch confirming a vitality of the idea of relationship 
between antioxidant defences and chicken viability (Surai, 2002). 
 
Antioxidants and immune system 
 
 The immune system of the animal is based on natural and adaptive immunity 
(Figure 2). The natural immunity is dependent on the efficient function of phagocytic 
cells namely neutrophyls and macrophages  which use free radicals as a weapon to kill 
pathogen, however, when escape from phagosome the same free radicals bacame 
dangereous and can damage all sort of biological molecule compromising phagocyte 
function and damaging adaptive immunity.  Phagocytes also produce so called 
communication molecules (eicosanoids, cytokines, etc.) which are used for effective 
communications between various immune cells. 
 Adaptive immunity is based on activity of B- and T-lymphocytes which are 
producing antibodies to specific non-self substances (B-lymphocytes) or directly attached 
to them (T-lymphocyte) and removed them from the cell.  As one could realise that 
communication between those cells is a crucial factor of immunocoppetens.  If we 
imagine that immune system is an army fighting against invaders (microorganisms, 
viruses, etc) than we would expect them to have something like mobile phones to receive 
and send signals to each other.  Remarkably enough, major immune cells (macrophages, 
neutrophyls, T- and B-lymphocytes) have on their surface something like “mobile 
phones” called receptors.  Those receptors are extremely sensitive to communicating 
molecules, but they also sensitive to free radicals and can be easily damaged.  In such a 
situation without proper communication all those huge armies of immune cells would 
become useless.  They also can start fighting each other as well as eventually destroying 
immunocompetence.  If we imagine that immune cells are soldiers using chemical 
weapon to kill enemy, than special ammunition protecting them from their own weapon 
would be a crucial for effective battle.  In the case of immune cells such ammunition is 
represented by natural antioxidants with Se-GSH-Px being a major defence.  Based on 
the presented model it is clear that antioxidant defence is a crucial factor of immune 
defence in the body. 
 There is a great body of information confirming this idea.  In fact Se- and vitamin 
E deficiencies are associated with compromised functions of natural and adaptive 
immunity.  In particular phagocytic functions, lymphocyte proliferation and antibody 
production are compromised (Surai, 2002).  On the other hand, Se supplementation is 
shown to improve immunocompetence and increase resistance to various diseases.  This 
is true for variety of farm and companion animals including poultry, cows, sheeps, 



  

horses, pigs, fish, cats and dogs. A summary of the effect of comptromised antioxidant 
system on immune system is shown in Figure 3. 
 
Other antioxidant applications in poultry production 
 
• Increased antioxidant supplementation for improvement meat quality during storage.  

It is proven for vitamin E (Sheehy et al., 1997) and vitamin E and selenium 
combination is even more effective (Surai and Dvorska, 2002l 2002a).  Organic 
selenium is proven to decrease drip loss (Edens, 1997). 

• Increased vitamin E supplementation to prevent heat stress-related decline in egg 
production (Bollengier-Lee et al., 1998; 1999). 

• Decreased mycotoxin toxicity as a result of increased antioxidant supplementation 
(Surai, 2002). 

 
A unique place of selenium in poultry production 
 
 From information presented above it is clear that Se is an important element in 
maintaining antioxidant system efficiency.  It is widely accepted that Se works in the 
animal and human body as an integral part of a verity of selenoproteins.  In fact Se in the 
form of selenocystein forms an active centre of the selenoproteins giving them unique 
properties, for example, antioxidant functions.  First selenoprotein called glutathione 
peroxidase (GSH-Px) was identified in 1973.  Since than the family of selenoproteins is 
becoming bigger every year and now it is generally accepted that there are more that 20 
selenoproteins in animal and human body performing various important functions (Figure 
4) including antioxidant defence, redox regulation of gene expression, thyroid hormone 
metabolism and structural role in spermatozoa. 
 Those selenoproteins can be active only when Se is supplied with the diet.  There 
are two major forms of selenium for animal nutrition.  Selenomethionine or organic 
selenium is the major form of selenium in various feedstuffs, including grains and oil 
seeds.  Up to now a supplemental form of selenium used in animal industry is inorganic 
selenium, mainly selenite or selenate.  Analyses of evolutionary aspects of animal 
nutrition (Surai and Dvorska, 2001) showed that during evolution animals had 
selenomethionine as a major form of selenium in their diet and as a result their digestive 
system was adapted to this form of selenium and there are principal differences in 
assimilation and metabolism of organic and inorganic selenium.  For example, selenite is 
passively absorbed in the intestine as a mineral, used for immediate synthesis of some 
selenoproteins and the rest is released from the body with faeces and urine. In contrast, 
organic selenium is absorbed as an amino acid, similarly to methionine.  A part of it is 
used for immediate synthesis of selenoproteins, similarly to selenite, but other part of the 
organic selenium is incorporated in newly synthesised proteins deposited, for example in 
muscles or eggs, and as a result Se reserves in the body are build.  Therefore the main 
advantage of organic selenium is coming from better retention in the tissues and 
providing Se reserves for the body.  These reserves are especially important in stress 
conditions when Se requirement increases but Se supply usually decreases as a result of 
decreases feed consumption.  This is not the case when inorganic selenium is used in the 
diet since animals are not able to synthesis selenomethionine (Schrauser, 2000).  
 SeMet accumulated nonspecifically in muscle proteins can build selenium 
reserves which can be used in stress conditions when Se requirement increased but feed 
consumption usually decreased.  In stress conditions protein catabolism by proteasomes 
can release SeMet which could serve as a source of  Se for newly synthesied 
selenoproteins, such as GSH-Px, Thioredoxin reductase and Methionine sulphoxide 



  

reductase. Those enzymes can deal with overproduction of free radicals and prevent 
decrease in productive and reproductive performance of farm animals. It was proven 
that selenium from both selenite and SeMet is readily available for synthesis of the 
selenoenzyme GSH peroxidase in rat tissues. There are also several lines of evidence 
confirming the idea that selenium accumulated in tissues in the form of SeMet can be 
available for selenoprotein synthesis. 
 First, our previous results (Surai, 2000) indicate that chicks hatched from eggs 
enriched with selenium by means of using Sel-Plex had higher GSH-Px activity in their 
liver not only at hatching, but more importantly, even at 5 days posthatch. This could 
be explain by usage of SeMet accumulated in tissues as a result of Se transfer from the 
egg during embryogenesis.  Secondly, the bioavailability of the Se pool in maintaining 
liver GSH-Px activity during a period of Se deprivartion, following excess selenite or 
SeMet loading was assessed in rats (Ip and Hayes, 1989). In this study half-life of 
decay of the enzyme was calculated to be 4.2 and 9.1 days respectively, in those rats 
that had already been exposed to 3 ppm Se as either selenite or SeMet. Thirdly, in a 
human study Persson-Maschos et al. (1998) showed that in individuals who had been 
supplemented with organic selenium, the decline in the level of selenoprotein P after 
the end of a period supplementation was slower than in individuals who had been 
supplemented with selenite. Fourthly, when wheat  and selanate were used as selenium 
sources in a supplementation study in Finnish men it was shown that once the 
supplements were withdrawn, platelet GSH-Px activity declined less in the group given 
wheat (Levander, 1983). Finally, several weeks' supplementation with high-Se bread 
increased New Zealand subjects' plasma selenium from 50-70 ng/ml to 120-175 ng/ml 
(Robinson et al., 1985). Plasma Se remained elevated when supplementation ceased. 
These data are in line with a suggestion that SeMet is the major selenocompound found 
initially in animals given this selenoamino acid, but is converted with time afterwards 
to selenocysteine (Whanger, 2002).  For example, whole-body retention of 75Se was 
greater for [75Se]SeMet than for [75Se]selenocystine but after the 1st week it decreased 
at a similar rate in both groups. The initial utilization of [75Se]selenocystine was 
different from that of [75Se]SeMet. However, after the 1st week 75Se from both sources 
appeared to be metabolized similarly, suggesting that dietary Se of both forms is 
ultimately incorporated into the same metabolic pool (Thomson et al., 1975). In general 
SeMet has a slower, whole-body turnover in comparison to sodium selenite and there is 
greater efficiency in the reutilization of selenium from SeMet (Swanson et al., 1991).  

We need to remember that selenomethionine is a storage form of selenium in the 
body. During protein catabolism in proteosomes selenomethionine can be released and 
used for additional selenoprotein synthesis and this could result in maintenance of high 
productive and reproductive performances of farm animals  or good health of companion 
animals in stress conditions. 

Let’s consider two different scenarios of antioxidant defence in poultry. First 
scenario, most common one, is for animals when inorganic selenium in the diet is used. 
In this case when stress conditions happened, the body tries to respond to them by using 
antioxidant reserves in the body and more importantly, by synthesising additional 
selenoproteins. In this scenario the main limitation would be absence of selenium 
reserves in the body and a restricted ability to synthesise additional selenoproteins and 
inadequate antioxidant protection when overproduction of free radicals occurs as a result 
of stress conditions. Therefore in this scenario we would expect immune system and 
general health to be compromised and reproductive success decreased. It is necessary to 
realise that we are not speaking about dramatic differences, this is sometimes a small 
difference difficult to notice, but after several consecutive stresses it could dramatically 
effect animal behaviour and health. This is especially important for newly born animals 



  

including birds, since their antioxidant system is not mature and depends on antioxidant 
transfer from mothers through egg (birds) or colostrum and milk (mammals). Since 
inorganic selenium is not well transferred to the egg and even less effective in 
transferring to the milk we would not expect an antioxidant system improvement through 
this route in this scenario. 

Another scenario could be the case when organic selenium is used. The major 
benefit would come from selenium reserves accumulated in the form of selenomethionine 
in muscles. When stress conditions happened during protein catabolism by proteosomes 
Se could be released and effectively used for the synthesis of additional selenoproteins to 
prevent damaging effect of free radical overproduction. This is especially important since 
many stresses are associated with decrease in feed consumption. As a result of such 
syntheses, selenoproteins could prevent to some extent lipid peroxidation and animals 
would benefit from it by maintenance of immunocompetence and reproductive 
performances. Since selenomethionine is transferred to the egg and to the milk and 
colostrum, newly hatched chicks or newly born animals will benefit very much as a result 
of improvement of their antioxidant system.  

We need to realise that this scenario has limitations in terms of level of stresses 
we are considering. For example, when very high levels of toxins present in the diet or 
environmental stresses are too high the body response would not be sufficient to prevent 
pathobiological changes in animal body. On the other hand, there is a range of everyday 
stress conditions where this model/scenario could be effective.  
 
Conclusions 
 

Human, chickens, pigs, cows or any other animal species are exposed to free 
radical attack in everyday life and that is why an integrated antioxidant system has been 
developed in every cell during evolution to prevent damages to biologically relevant 
molecules including DNA, proteins and lipids. Some of antioxidants are synthesised in 
the body, however, major source of antioxidants is our diet. From many hundred dietary 
compounds possessing antioxidant activities selenium and vitamin E are considered to 
build a core of antioxidant defence. It has been appreciated that efficiency of antioxidants 
depends on their form in the diet. For example, in recent years it has been proven that 
organic selenium, for example in the form of Sel-Plex, has important advantages in 
comparison to inorganic selenium. It is interesting that the benefit of organic selenium 
has been proven practically for all species, including chicken, pigs, cows, sheeps and fish. 
It seems likely that an optimal combination of organic selenium and vitamin E in the diet 
is a key for an effective antioxidant defence. However, there is a need for further research 
in this field to establish those optimal combinations for each species depending on age, 
productivity and other relevant technological conditions. 
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Table 1. Internal and external sources of free radicals 

 (Adapted from Surai, 2002) 

 
 

 

Figure 1. Three major levels of antioxidant defence in the cell 
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Figure 2. General scheme of the immune system 

 

Figure 3. Oxidative stress and immune system 
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                         Figure 4. Selenoproteins in relation to poultry 
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During the past 50 years, the livestock and poultry industries have developed in several areas including 
nutrition, genetics, engineering, management, and communications to maximizing the efficiency of growth 
performance and meat yield.  Now these industries must focus more attention on how animal agriculture 
affects the environment and food safety.   As in many other industries, the global paradigm is shifting from 
an emphasis on productive efficiency to one of public security.  Nothing demonstrates this paradigm shift 
more clearly than the issues concerning the use of antibiotic growth promoters.  For the past 4 decades, 
antibiotics have been used in animal agriculture to improve the growth performance and protect animals 
from the adverse effects of pathogenic and non-pathogenic enteric microorganisms.  Now, antibiotics have 
come under increasing scrutiny because of the potential development of antibiotic-resistant human 
pathogenic bacteria after long use (Phillips, 1999; Ratcliff, 2000).  In response to this “apparent threat”, the 
European Union banned the use of sub-therapeutic levels of antibiotics to prevent disease or promote 
growth, starting with a ban on avoparcin in 1997 and a ban on virginiamycin, bacitracin, spiromycin, and 
tylosin in 1999.  Antimicrobials scheduled to be banned by 2006 include avilamycin, bambermycin, 
salinomycin and monensin.   In June of 2003, McDonald’s Corp. announced that it would prohibit their 
direct suppliers from using antibiotics that are important in human medicine as growth promoters in food 
animals after 2004, and they created a purchasing preference for companies that work to minimize 
antibiotic use.  Although banning antibiotic growth promoters may not be scientifically justified, the tide of 
public opinion is forcing animal agriculture to develop alternatives to antibiotic growth promoters, or at 
least substantially reduce the amount of antibiotics used to maintain production efficiency and produce safe 
meat and egg products.  Some of these alternatives may include significant changes in husbandry practices 
or the strategic use of enteric microflora conditioners, including acidifiers, probiotics, enzymes, herbal 
products, microflora enhancers, and immunomodulators.  The objective of this paper is to briefly review 
the use of antibiotic growth promoters as enteric conditions and discuss the potential of non-pharmaceutical 
alternatives. 

Benefits of Feeding Antibiotics 
Antibiotic usage in animal feeds has many benefits.  It improves food safety by increasing animal health 
and reducing or eliminating certain pathogens.  It reduces animal production costs and economic benefits 
are distributed along the food chain, including the feed industry, production animal agriculture, food 
processors, retailers, and consumers. Most of the cost savings attributed to antibiotics is from improved 
feed conversion, and this response is highest in fast-growing genetically improved animals reared in 
intensive production systems.  Other cost savings come from faster growth rate, reduced mortality, greater 
resistance to disease challenge, improved reproductive performance, improved pigmentation, and better 
manure and litter quality.  Rosen (1995) concluded from his review of 12,153 feeding studies that antibiotic 
growth promoters gave a positive response 72% of the time.  `The magnitude of responses was dependent 
upon the type of animal management, disinfections procedures, age of the farm buildings, and quality of the 
feed.  Finally, the use of antibiotic growth promoters has a positive impact on two important issues facing 
animal agriculture: animal welfare and environmental stewardship.  Animal welfare is definitely improved 
in animals that are healthier due to the disease-suppressing effects of antibiotics.  The improved utilization 



of dietary nutrients by supplemental antibiotics results in significant reduction in nitrogen, phosphorus, and 
other nutrients excreted into the environment (Cromwell, 1999). 

Antibiotic Modes of Action 
Antibiotics are natural metabolites of fungi that inhibit the growth of bacteria.  They function by altering 
certain properties of bacterial cellular metabolism resulting in impaired growth or death.  Some antibiotics 
interfere with the building and maintenance of the cell wall, while others interrupt proper protein 
translation at the ribosomal level.  Because of their elevated rate of growth and proliferation, bacteria are 
vulnerable to antibiotics that target active cellular metabolism.  Limiting the growth and proliferation of 
certain bacteria and inhibiting the production of various toxins restricts the influence that the microbe has 
upon the host organism.  This enables the host to grow and perform better than if grown under normal 
challenge conditions. 

The term “Growth Promotor” has been used for years to describe the use of subtherapeutic levels of 
antibiotics to improve growth performance.  “Growth Promotor” is an inappropriate term to describe this 
use of antibiotics because they do not promote growth as do anabolic hormones, such as growth hormone 
or estrogen-like compounds.  This may be why the general public confuses this term with the use of 
anabolic hormones.  The poultry industry does not use anabolic hormones as do the swine and cattle 
industries. Instead of calling them “Growth Promotors”, they should be called “Growth Permitters” because 
they allow the animal to express their genetic potential for growth without compromise. 

Antibiotics limit the growth of detrimental microbes, such as Clostridium perfringens (Truscott and Al-
Sheikhly, 1977).  They also limit the growth and colonization of numerous non-pathogenic species of 
bacteria in the gut, including Lactobacilli, Bifidobacteria, Bacteroides, and Enterococci (Tannock, 1997).  
Antibiotics reduce the production of antagonistic microbial metabolites, such as ammonia (Zimber and 
Visek, 1972), which adversely affect the physiology of the host animal.  Subtherapeutic levels of antibiotics 
in the diet also reduce weight and length of the intestines (Visek, 1978; Postma et al., 1999).  A thinner 
intestinal epithelium in antibiotic-fed animals may enhance nutrient absorption (Visek, 1978) and reduce 
the metabolic demands of the gastrointestinal system.  The minimization of gastrointestinal bacteria may 
also ease the competition for vital nutrients between the bird and the microbes (Ferket, 1991).  Finally, 
antibiotics may reduce the adverse effects of immunological stress on growth performance by lowering the 
enteric microbial load.  Over-stimulation of the host immune system by the resident microflora could 
impair the optimum growth and performance of the bird (Cook, 2000; Klasing, 1988).   

The Antibiotic-Resistance Debate 
The use of growth promoting antibiotics (AGPs) has been criticized for their possible role in the occurrence 
of antibiotic resistant microbes.  Numerous reports have been issued concerning the effects of agriculture-
related antibiotics on the emergence of antibiotic resistance in human pathogens (SCAN Report, 1999; 
DANMAP, 2000).  A complete ban on the use of sub-therapeutic doses of antibiotics in animal feed has not 
yet been enforced in many countries; this day may eventually come unless evidence comes forth to refute 
the effectiveness of the ban.  There is evidence that the use of antibiotic growth promoters in animal and 
poultry feeds is associated with bacterial resistance in human disease therapy.  Rapid selection for resistant 
bacteria when subtherapeutic levels of antibiotics are fed occurs because of the plethora of bacteria in the 
gut of animals, the high mutation rates among these bacteria, and the frequent transfer of genes including 
resistance genes.  Mathew et al. (2002) demonstrated that selection for resistant bacteria can occur in as 
little as 2 days following administration of a feed-based antibiotic.   

Wide use of AGPs in the poultry is one reason the public is placing some blame of antibiotic resistance of 
potential pathogens on the poultry industry.  This blame may be partly justifiable.  Antibiotic resistance has 
been displayed by field Escherichia coli isolates from commercial turkey farms in North Carolina, 
including resistance to Enrofloxacin (Fairchild et al., 1998).  Although there are no specific claims that 
antibiotic growth promoters control disease (Gustafson and Bowen, 1997), the debate over resistance seen 
among Gram-negative bacteria, such as E. coli and Salmonella, has generated the strongest objection to 
antibiotic use.  It has been reported that antibiotic resistance of indigenous E. coli of poultry has remained 
at a relatively high level since the 1950's (Gustafson and Bowen, 1997). 



Can a ban on the use of AGPs reverse the trend in increasing antibiotic resistance of human pathogen?  The 
Danish government thought so they instituted a voluntary ban on the use of AGPs along with a penalty tax 
for use in 1998.  By 2000, the complete ban on the use of AGPs was in effect, but enteric disease problems 
and mortality rates began to mount and the therapeutic use of antibiotics began to rise sharply.  By 2001, 
the total consumption of therapeutic antibiotics almost reached the same amount as the total consumption 
of AGPs before the ban was instituted.  In effect, AGPs (avalimycin, virginiamycin, bacitracin, and tylosin) 
that are not typically used to treat human disease were replaced with therapeutic antibiotics (Ampicillin, 
Erythromycin, Streptomycin, Tetracycline, etc.) that are used to treat human disease pathogens (Hayes and 
Jensen, 2003).  Tetracycline use in Denmark increased from 12,100 kg in 1998 to 27,000 kg in 2001.  Now 
Denmark has mounting tretracyline resistance in human pathogens, such as Salmonella typhimurium and 
Campylobactor jejuni (DANMAP, 2001).  Isn’t it ironic that the policy against the use of AGPs actually 
results in an increase in resistance to antibiotics the public is most concerned about?  A simple ban on 
AGPs will not solve the antibiotic resistance problem.  We need to strategically use of different feed 
additives and management practices that will minimize the use of AGPs and therapeutic antibiotics. 

General Strategies to control gut health without Antibiotics 
Effective use of feed additives to manage gut health is dependent upon some degree of understanding of 
their mechanisms of action.  Clearly, the modes of action of growth promoting antibiotics and their 
alternatives can differ considerably.  Subtherapeutic antibiotics work in part by decreasing the microbial 
load in the gut, resulting in a reduction in energy and protein required to maintain and nourish the intestinal 
tissues.  Because energy required to maintain the gut accounts for about 25% of the total basal metabolic 
needs of an animal (Croom et al., 2000), any reduction in gut tissue mass can have a significant impact on 
the amount of energy available for growth and caloric conversion efficiency.  The reduced microbial load 
in the gut by subtherapeutic levels of antibiotics also reduces immunological stress, resulting in more 
nutrient partitioning towards growth and production rather than mechanisms of disease resistance.  In 
contrast, most alternative compounds do not reduce overall microbial loads in the gut and thus will not 
promote growth by a mechanism similar to antibiotics.  Instead, they alter the gut microflora profile by 
limiting the colonization of unfavorable bacteria while promoting the fermentation of more favorable 
species.  Consequently, alternatives to antibiotics promote gut health by several possible mechanisms 
including: altering gut pH, maintaining protective gut mucins, selection for beneficial intestinal organisms 
or against pathogens, enhancing fermentation acids, enhancing nutrient uptake, and increasing the humoral 
immune response.  Strategic use of these alternative compounds will help optimize growth provided they 
are used in a manner that complements their modes of action. 

Sanitation and Pathogen Load Reduction 
There is considerable evidence that subtherapeutic antibiotics or alternative compounds are most effective 
when fed to animals raised in unsanitary environmental conditions.  Good barn sanitation, pest control, 
biosecurity practices, and litter or manure management are necessary to reduce pathogen load and exposure 
and minimize the need for antimicrobial therapy.  Water must be clean and drinkers must be properly 
maintained to minimize spillage and prevent a bloom of pathogens in the litter and environment of the 
animals.  Implementation of a good sanitation program is usually much less costly than any disease 
treatment. 

Enhance Pathogen Colonization Resistance 
Colonization of enteric pathogens is dependent upon the degree of resistance afforded by the stability of the 
resident microflora and the integrity of the intestinal mucin barrier in the animal.  Older animals are much 
less susceptible to the colonization of enteric pathogens than young animals because they have a more 
stable and diverse gut microflora that competitively excludes pathogen colonization.  In contrast, the ability 
of pathogens to colonize in the gut increases after antibiotic administration because of a loss of resident 
microflora.  The stability of resident microflora can be enhanced by the administration of competitive 
exclusion cultures (probiotics) or feeding prebiotic compounds that feed the beneficial microflora.  
Hollister et al. (1999) reduced salmonella colonization in chicks by feeding a live cecal culture from 
salmonella-free poultry.  Fedorka-Cray et al. (1999) has shown similar response to microbial cultures in 
young swine.  Gram-positive bacteria, including Lactobacillus, Enterococcus, Pediococcus, Bacillus, and 



bifidobacteria, and fungi of the Saccharomyces (yeast) genus are often fed after antibiotic therapy as a 
means of re-introducing a beneficial flora to the gut of affected animals.  Beneficial bacteria inhibit the 
colonization of pathogens by producing volatile fatty acids that reduce the pH of the brush-boarder 
microenvironment or they can block the attachment of pathogens.  Organic acids have strong antibacterial 
effects, especially to gram-negative pathogens.  Blomberg et al. (1993a) also demonstrated that undefined 
compounds in a culture of lactobacilli inhibit the attachment to intestinal components of pigs by pathogenic 
K88 E. coli.  They suggested that compounds produced by the lactobacilli or the lactobacilli themselves 
bound to the receptor of K88 E. coli in pig intestine, thereby preventing the colonization by the E. coli. 
 
Mucins and glycoproteins associated with the intestinal brush boarder serves a very important barrier 
protecting the delicate absorptive surface from the abrasive action of feedstuffs, bacteria colonization, and 
toxins.  Mucin, produced by goblet cells, is secreted in response to the degree of insult on the absorptive 
surface of gut.  Glycoproteins of gut mucins specifically bind pathogens and reduce their colonization by 
serving as alternative binding sites to receptors on host enterocytes.  For example, pathogenc E. coli K88 
adhesins were found to bind to ileal mucus from pigs, and Blomberg et al. (1993b) concluded that the 
intestinal mucus might intercept these pathogens before they can attach to intestinal tissues and cause 
disease.  Dietary factors that result in increased mucus secretion may thus indirectly enhance an animal's 
ability to resist pathogen colonization. 
 
There is a complex balance between the gut ecosystem and intestinal mucins, and this balance can be 
altered by enteric health conditions and the diet.  Although intestinal mucins and glycoproteins have a 
protective function, they also serve as a nutritional substrate for some bacteria that thrive on galactose-rich 
environment, such as bifidobacteria (Roy et al., 1991).  In pigs, Petova et al. (2000) observed significant 
decrease in intestinal mucins following weaning, and this was partially prevented by the inclusion of 
galactose in the post-weaning diet.  Apparently, the lack of galactose in the postweaning high starch diet 
increasing the scavenging of galactosyl units in mucins by some microflora, thus promoting the degradation 
of the protective mucin barrier.  Dietary inclusion of compounds that feed beneficial bacteria, such as 
bifidobacteria, should alleviate their attack on the protective mucins.  Such compounds include 
oligosaccharides or enzymes that liberate galactose from galactosyl polymers, such as galacto-mannans.  
More research must be done in this area of interest. 

Immune Response Augmentation 
The immune system is the primary defense mechanism of the animal to fight infectious disease.  
Augmentation of humoral and cell-mediated immunity will increase an animal's ability to resist disease.  
Although there is a small nutrient costs in the production of immunoglobulins, good antibody titer levels 
indicate a far more efficient capacity to resist disease by humoral immune responses than an active 
inflammatory response (Humphrey et al., 2002).  A pro-inflammatory innate immune response is associated 
with the mobilization of nutrients away from growth and suppression of feed intake.  Thus, dietary 
immunomodulators or vaccines that enhance humoral immunity and minimize immunological stress will 
affect growth performance most positively. 
 
Although there is now a considerable amount of knowledge about systemic immunity, knowledge about 
gut-associated immunity is still primitive.  The gut is a major interface where the immune system can 
sample the potential disease antigens in the animal's environment and mount a defensive strategy to resist 
disease.  Therefore, the resident microflora will have a marked effect on the amount and profile of immune 
factors, such as immunoblobulins.  Perdigon et al. (1991) observed that specific lactobacilli fed to mice 
resulted in enhanced protection against Salmonella typhimurium and E. coli by increasing IgA production.  
IgA, predominantly found in the mucus secretions in the respiratory tract and gut, function to attenuate 
antigens and present them to lymphocytes for degradation and stimulation of the production of specific 
antibodies.  Dietary supplementation of phosphorylated mannanoligosaccharide has also been shown to 
enhance IgA titers in the plasma of poultry (Savage et al., 1996) and sow's milk (O'Quinn et al., 2000). 
 
An alternative to feeding dietary factors that stimulate gut-associated humoral immunity may be feeding 
specific antibodies that neutralize pathogenic organisms.  To produce the specific antibodies, laying hens 
are exposed to particular antigens to stimulate the production of immunoglobulins, which are deposited in 



the egg.  These immunoglobulins are then harvested from the eggs and fed to susceptible young animals.  
There may be some limitations to this technology, since these immunoproteins are sensitive to heat 
treatment during feed processing and the digestive process of the animal. 

Nutritional Strategies and Feed Additives 

Diet digestibility and Enzyme supplementation 
Gut health and enteric disease resistance is often dependent upon the digestibility of feed components and 
feed formulation.  Poorly digested protein meals due to improper heat processing causes the proliferation of 
putrifying bacteria in the hindgut, which increases toxic metabolites (ammonia and biogenic amines) that 
compromise gut health.  In agreement, antibiotics are most effective in birds fed diets containing high 
levels of indigestible protein (Smulders et al., 2000).  Similarly, poultry fed diets containing high levels of 
poorly digested non-starch polysaccharides from wheat, barley or rye are more susceptible to enteric 
disease, such as necrotic enteritis (Riddell and Kong, 1992; Kaldhusdal and Skjerve, 1996).  Langhout 
(1999) observed that dietary NSP significantly increases gut populations of pathogenic bacteria at the 
expense of beneficial bacteria.   However, the digestibility of wheat, barley, rye, triticale and even corn-
based diets can be significantly improved through use of exogenous enzymes including xylanases, phytases 
and ß-glucanases.  The response to dietary enzyme supplementation is greater when antibiotics are not used 
than when they are, but the performance responses do not approach the level that is observed when diets 
contain enzymes and antibiotics together (Bedford, 2000b; Elwinger and Teglof, 1991; Danicke et al., 
1999).   In a comprehensive literature review, Rosen (2001) concluded that the effect of enzymes was 
nearly equivalent to the effects of antibiotics on gain and FCR, and that in combination there was 
improved, but less than the sum of the two.  Enzymes are perhaps the most extensively reviewed products 
that seem to be capable of limiting the performance losses associated removal of antibiotic growth 
promoters. 
 
Because supplemental enzymes mediate their beneficial effects primarily by enhancing feed digestibility 
and nutrient availability to the host, it must be assumed that they also influence the gut microbial 
ecosystem.  The use of enzymes has been shown to alter the gut microflora populations in the small 
intestine and caeca (Choct et al., 1996; Hock et al., 1997; Bedford, 2000a) and reduce mortality rates 
(Rosen, 2001). Such a benefit is brought about by a more rapid digestion and absorption of starch, protein 
and fat from the small intestine, which effectively limits available substrate for the resident flora.  In 
general, the improvement in nutrient digestibility achieved for the host by the use of an appropriate enzyme 
is much smaller than the concomitant loss of substrate experienced by microflora resident in the large 
intestinal.  This starch and protein removal effect is coupled with the production of exogenous enzyme for 
fiber-derived oligomers, which serve as substrate for specific populations of bacteria that seem to benefit 
the host (Bedford, 2000a).  

Acidifiers and Organic Acids 
Clostridia and pathogenic coliform bacteria often associated with enteric disease do not grow well in media 
of low pH, so any means to reduce gut pH should improve an animal’s resistance to enteric disease.  
Because organic acids have strong bacteriostatic effects, they have been used as salmonella-control agents 
in feed and water supplies for livestock and poultry.  Organic acid blends have also been used as acidifiers 
in baby pig diets to reduce enteric disease, but the benefit for poultry seems to be less conclusive.  Dietary 
accidifiers may work better in baby pig diets because they have more limited hydrochloric acid production 
than chicks.  Moreover, dietary organic acids are easily neutralized in the duodenum unless they are 
delivered to the ileum and below by adsorbent vehicles. 

Herbs, Spices, and Essential Oils 
Herbs, spices, and plant extracts have been used to make humans foods more appetizing for centuries, and 
many of them are recognized for their health benefits.  Some of these compounds stimulate appetite (e.g. 
menthol from peppermint), provide anti-oxidant protection (e.g. cinnamaldehyde from cinnamon), or 
suppress microbial growth (carvacol from oregano). These plant-based antimicrobials compounds, which 
function fundamentally similar to antibiotic compounds produced by fungi, could be used to replace some 



antibiotic growth promoters.  To be most effective as growth promoters, these herbal antimicrobial 
compounds must be supplemented to the feed in a more concentrated form than found in their natural 
source. As with antibiotics, continued use of these plant-based antimicrobials may result in the 
development of resistance in some pathogenic bacteria.  However, more research is necessary to confirm 
this risk. 
 
Essential oils from Oregano are showing the greatest potential as an alternative to antibiotic growth 
promoters.  Oregano contains phenolic compounds, such as carvacrol, that have antimicrobial activity 
(Akagul and Kivanc, 1988).  Like antibiotics, Oregano essential oils modify the gut microflora and reduce 
microbial load by suppressing bacteria proliferation.  There are some claims that Oregano oil can replace 
anticoccidial compounds, not because they inactivate coccidia, but because they increase the turnover of 
the gut lining and prevent coccidial attack by maintaining a more healthy population of gut cells (Bruerton, 
2002).  This mode of action would increase the animal’s maintenance energy requirement because 
enterocyte turnover is a major proportion of the basal metabolic rate. 

Oligosaccharides 
Oligosaccharides are promising alternatives to antibiotic growth promoters because they facilitate and 
support the symbiotic relationship between host and microflora.   Fructooligosaccharide (FOS) and 
mannanoligosaccharide (MOS) are two classes of oligosaccharides that are beneficial to enteric health, but 
they do so by different means. 

Fructooligosaccharides (FOS) 
FOS compounds are inulin-type oligosaccharides of D-fructose attached by β-(2→1) linkages that are 
attached to a D-glucosyl residue at the end of the chain (Yun, 1996).  A sucrose unit attached to one 
additional fructose residue is commonly referred to as 1-kestose.  Nystose contains two additional fructose 
units, and three additional fructose units are designated as 1F- β-fructofuranosyl (Hidaka and Hirayama, 
1991). Fructooligosaccharides are found in numerous plants such as the onion, Jerusalem artichoke, garlic, 
banana, chicory, asparagus, and wheat.   

FOS influence enteric microflora by “feeding” the “good” bacteria, which competitively excludes the 
colonization of pathogens.  Dietary supplementation of FOS provides selective enrichment of Lactobacilli 
(Mitsuoka et al., 1987) and Bifidobacteria (Hidaka et al. 1991; Hopkins et al., 1998).  Patterson et al. 
(1997) found that cecal Bifidobacteria concentrations were increased 24-fold and Lactobacilli populations 
increased 7-fold in young broilers fed the FOS-enriched diets.  Fructooligosaccharides are well utilized by 
the majority of Bifidobacteria strains (longum, brevis, and infantis) with the exception of Bifodobacterium 
bifidum (Hidaka and Hirayama, 1991).  The Bacteroides group also showed a tendency to utilize FOS as a 
growth source, while Lactobacillus fermentum, E. coli, and Clostridium perfringens failed to utilize FOS as 
a fermentative carbohydrate source.  Bifidobacteria readily ferment FOS because of the innate secretion of 
a β-fructoside enzyme.  Bifidobacteria may inhibit other microbes because of its acidic surroundings from 
the high production of VFA’s or the secretion of bacteriocin-like peptides.  The improvement in gut health 
conditions by dietary FOS supplementation often results in improved growth performance.  Ammerman et 
al. (1988) demonstrated that the addition of either 0.25% or 0.50% dietary FOS improved feed efficiency 
from 1 to 46 days of age and reduced mortality when fed at the higher level (0.50%).  FOS-treated birds 
also had less air sac lesions at day 46.   

Mannanoligosaccharide (MOS) 
Unlike FOS, MOS is not used as a substrate in microbial fermentation, but it still exerts a significant 
growth-promoting effect by enhancing the animal’s resistance to enteric pathogens.  BioMos® (Alltech, 
Nicholasville, KY) is the commercial source of MOS that has been used in most of the published research 
literature.  Based on the scientific literature, BioMos enhances an animal’s resistance to enteric disease and 
promotes growth by the following means: 1) Inhibits colonization of enteric pathogens by blocking 
bacterial adhesion to gut lining; 2) enhances immunity; 3) modifies microflora fermentation to favor 
nutrient availability for the host; 4) enhances the brush boarder mucin barrier; 5) reduces enterocyte 
turnover rate; and 6) enhances the integrity of the gut lining.  



Inhibition of pathogen colonization by MOS 

Mannan-oligosaccharides, derived from mannans on yeast cell surfaces, act as high affinity ligands, 
offering a competitive binding site for a certain class of bacteria (Ofek et al., 1977).  Gram-negative 
pathogens with the mannose-specific Type-1 fimbriae attach to the MOS instead of attaching to intestinal 
epithelial cells and they move through the gut without colonization.  Dietary MOS in the intestinal tract 
removes pathogenic bacteria that could attach to the lumen of the intestine (Newman, 1994).  Mannose was 
shown by Oyofo et al. (1989a) to inhibit the in vitro attachment of Salmonella typhimurium to intestinal 
cells of the day old chicken. Then Oyofo et al. (1989b) provided evidence that dietary D-mannose was 
successful at inhibiting the intestinal colonization of Salmonella typhimurium in broilers.  The ability of 
MOS to interfere with the attachment of pathogenic bacteria in the gut raises the possibility that it could 
also inhibit the binding between bacteria that is required for plasmid transfer via conjugation.  This kind of 
inhibition of plasmid transfer in the digestive tract of mice colonized with human microflora has been 
described using lactose (Duval-Iflah, 2001).  Lou (1995) demonstrated that dietary MOS supplementation 
decreased the proportion of specific groups of Gram-negative antibiotic resistant fecal bacteria in swine. 

In an effort to confirm that MOS inhibits pathogen colonization, Spring et al. (2000) screened different 
bacterial strains for their ability to agglutinate mannanoligosaccharides in yeast cell preparations 
(Saccharomyces cerevisiae, NCYC 1026).  Five of seven strains of E. coli and 7 of 10 strains of Salmonella 
typhimurium and S. enteritidis agglutinated MOS and Sac. cerevisiae cells. However, strains of S. 
choleraecuis, S. pullorum, and Campylobacter did not lead to agglutination. Although MOS does not bind 
clostridia, it does reduce clostridial numbers in some trials, possibly by enhancing the mucin barrier or 
stimulating gut associated immunity. 

Enhancement of Immune Function by MOS 

MOS has been shown to have a positive influence on humoral immunity and immunoglobulin status.  As 
mentioned above, a good humoral immune response is nutritionally more efficient means to resist disease 
than an active inflammatory response (Humphrey et al., 2002).  Savage et al. (1996) reported an increase in 
plasma IgG and bile IgA in poults fed diets supplemented with 0.11% MOS.  An increase in antibody 
response to MOS is expected because of the ability of the immune system to react to foreign antigenic 
material of microbial origin.  Portions of the cell wall structure of the yeast organism, Saccharomyces 
contained in MOS has been shown to elicit powerful antigenic properties (Ballou, 1970).  However, MOS 
may also enhance humoral immunity against specific pathogens by preventing their colonization leading to 
disease, yet allowing them to be presented to immune cells as attenuated antigens.  In deed as MOS 
facilitates the secretion of IgA into the gut mucosa layer, pathogenic agents become more labile to the 
phagocytic action of gut-associated lympocytes. 

All animals reared under commercial field conditions are subjected to immunological stress, depending on 
the pathogen load in their environment and the vaccination program.  The release in cytokines associated 
with inflammation and the innate immune response results in fever (which reduces appetite), causes the 
mobilization of body reserves (glucose, amino acids, and minerals) away from liver, muscle and bone, 
suppresses nutrient absorption in the gut, and increases body fluid losses as diuresis and diarrhea.  The 
positive growth performance effects observed among animals fed MOS may be partly due to its effect on 
acute immunological stress.  Although MOS may enhance humoral immunity, there is some evidence that 
it may suppress the pro-inflammatory immune response that is detrimental to growth and production.  To 
test this hypothesis, Ferket (2002) induced an acute immune stress in 14-day old turkey poults that by 
intraperitoneal injection of LPS from Salmonella typhimurium strain SL 684.  The poults were fed either 1 
kg BioMos/tonne, 20 g virginiamycin/tonne, or control diet from day of age.  Cloacal temperatures were 
measured eight hours after the LPS injection, and then body, liver, spleen, bursa of Fabricius, and intestinal 
tract weights were recorded 24 hours post-injection.   In contrast to the control and the antibiotic-fed birds, 
the BioMOS-fed birds showed no fever response 8 h post-injection, even though liver and intestine weights 
were increased.  In other words, the MOS-fed birds retained normal body temperature after exposure to a 
pro-inflammatory antigen, while the controls and VM-fed birds expressed elevated body temperature.  
Under commercial conditions where birds are subjected to chronic immunological stress, MOS may help 
reduce the pro-inflammatory response and associated depression in feed intake and growth. 



Effect of MOS on Gut Microflora Fermentation and Dietary Energy Utilization 

Even though the ceca are the primary site of gut microflora fermentation, microbial fermentation in the 
jejunum has a greater influence on digestion and nutrient absorption.  Measurement of volatile fatty acid 
(VFA) content and pH of the jejunum digesta is one way to evaluate the influence of feed additives on 
microbial fermentation.  In a study with turkeys, Ferket (2002) observed dietary supplementation of 
BioMos® and antibiotics reduced total VFA content of jejunum digesta by about 40%.  Most of this effect 
was attributed to a reduction in proprionic acid, which is the major fermentation product of microflora that 
uses starches and sugars as their primary substrate. Therefore, BioMos® may improve dietary energy 
availability by reducing the microflora-host competition for available starches and sugars.  In deed, 
apparent metabolizable energy of the diet was increased by about 3% when BioMos® or virginiamycin was 
supplemented to the diet.  Another benefit to dietary inclusion of BioMos® was a decrease in jejunum 
digesta pH and ammonia concentration in comparison to the antibiotic-fed birds.  Lower gut pH suppresses 
the proliferation of putrifying bacteria that excrete ammonia as their fermentation byproduct, and ammonia 
has a detrimental effect on the integrity of gut tissues.  

Effect of MOS on Gut Tissue Integrity and Health 

The beneficial effects of MOS on the gut microflora, nutrient utilization, and growth performance may be 
associated brush boarder morphology and how it influences enteric disease resistance.  To test this 
hypothesis, Ferket (2002) conducted an experiment to ascertain effects of MOS and VM on jejunum villi 
morphology.  Commercial Hybrid® poults were fed a corn-soy control diet or diets supplemented with 1 kg 
BioMos®/tonne or 20 g virginiamycin/tonne starting a 1 day of age.  At 14 days of age, 8 birds per 
treatment pen were sampled for morphometric measurements, including villus height, crypt depth, 
muscularis thickness, and goblet cell number.   

MOS had the greatest effect on villi morphology.  Although MOS did not affect villus height, a decrease in 
crypt depth approached significance and villi height:crypt depth ratio was significantly greater than the 
control or VM treatments.  Iji et al. (2001) also observed an increase in jejunal villi height:crypt depth ratio 
by MOS supplementation in broilers, but this was due to a significant increase in villi height rather than 
crypt depth.  These researchers also observed MOS to significantly increase protein/DNA of jejunal 
mucosa, as well as increases in the brush boarder enzymes maltase, leucine aminopepidase and alkaline 
phosphatase.  Turkeys receiving MOS in our experiment also exhibited a thinner muscularis layer and 
increased the number of goblet cells per mm of villus height as compared to control birds.   

The mucus gel layer coating the surface of the intestinal epithelium is the first major barrier to enteric 
infection.  Hence, the production of mucus, as indicated by the number of goblet cells, is an important 
feature in the protective scheme against pathogens.  Feeding MOS resulted in an increased proliferation of 
goblet cells into the surface of the villus membrane.  The innate immune system recognizes key molecular 
structures of invading bacteria, including lipopolysacchharides, peptidoglycans, and possibly the mannose 
structures in the cell walls of yeasts.  Oligosaccharides containing mannose have been shown to affect the 
immune system by stimulating liver secretion of mannose-binding protein.  This protein, in turn, can bind 
to bacteria and trigger the complement cascade of the host immune system (Newman, 1994).  Intestinal 
microbes might influence goblet cell dynamics by releasing bioactive compounds or indirect activation of 
the immune system (Bienenstock and Befus, 1980).   

Conclusion 
In response to consumer demands and government regulations, today’s intensive animal agriculture 
industry must adapt to producing animals in a world without antibiotic growth promoters.  This paper 
presented several alternatives to antibiotics to manage gut health.  Although no single alternative may be as 
effective as antibiotics, use of a combination of strategies and feed additive can be used to achieve good gut 
health and growth performance.  The key to selecting the most cost effective approach will depend upon 
the production requirements of each company, and the type of production challenges they face. 
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