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Introduction 

The Role of Antioxidant Vitamins in Human Health 

Peter Weber, M.D., .Ph.D~ . 
Research Leader · 

~.. : 

· Human Nutrition Research 
Vitamins and Fine Chemicals Division 

Hoffmann • La Roche Inc., Nutley, NJ, USA· 

' . 
During the last decade our knowledge and understanding on the role of vitamins for human health 

has dramatically changed: Traditionally, ·vitamins have been considered as micronutrients provided by the 

nutrition to avoid severe vitamin deficiency. However, in· the industrialized world those classical vitamin 

deficiencies have ceased to play an important role in public health (1). Moreover, the results of a.larg~ number 

of studies are suggesting that high dietarY'intakes of antioxidant vitamins such as the vitamins C and E and 

beta-carotene (provitamin A) may reduce the risk of cancer, cardiovascular diseases (CVD) and other 
'--, 

diseases. Thus, antioxidant vitamins might have an appreciable impact on the prevention pf typical and 

common diseases of the U.S. society. 

Antioxidant micronutrients are part of the natural antioxidant defense mechanisms. They control, like 

the enzymatic systems glutathione peroxidase, superoxide dismutase, and catalase the detrimental.;effect of 

free radicals. Free radicals, both of environmental origins or generated by the body itself by either norm.al or 
..... ~ 

aberrant metabolisms, play an important role in the etiology of many diseases: For instance, CVD, cancer, 

eye diseases 

' 
Leading causes of death, U.S. - 1988 

; ' ~ 

Fig. 1 two thirds of total deaths per year in the U.S. are caused by cardiovascular disease and cancer (2) 
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(cataract and age related tnacula degeneration) and lung diseases.' Further; free radicals may affect the 

immune system and are supposed:to speed agin~. 

. The present paper focu~es 'cm the relationship of beta~~rotene and vttamins C and E intakes to the 
. \ . . 

risk-reduction of CVD and cancer. We have selecteq these di$.eases because they present major public health 
-· < c •• 

problems (2). Cancer and cardiovascular diseas!;ls are the leading cayses of death in the western world (Fig. 

1). However, because of space conStrainis this review is not alHn-clusive, but is limlted to discussion of more 

recent data. 
!,.j ~·-

~ ~. . . 
Potential ~ole of .antioxidant vitamins and beta-carotene in carcinogene~is 

,:(' 

Carcinogenesis is considered to be a multistage process. So far, the mechanisms involved in.the, 
~· ...... . -. • . l ' 

conversion of a normal cell to a one with a malignant phenotype are not fully understood. Briefly and , . 

simplttied carcinogenesis might be summarized as a process of initi
1
ation, promotion, transfor.mation, · · 

. -- ' ''" '• ' ' -' . 

progression, and metastasis (3) (Fig. 2}.Tumor initiation_is.caused by spontaneous or carcinogen-induced 
, . . ' ."- ' I - ' : 

genetic (DNA) damage. Some important initiators.are, mutagens, genotoxic pro.-oxidants, ~nd radiation. At this 

stage beta-carotene may exert Its protective effects by detoxifyiDg, quenc~ing,.or trapping.Hie active ' 

interm~diates which react with the DNA. In vitro, beta-caroten~ has also been shown to enhance gap junction - . . 

communications by an increased expression of connexin 43, a junctional protein (4). Increased communication 
. ..._ - ' ~ . ' " . ~ 

between normal and initiated cells may ,restrict the rate o.f initiated cells 'expressing the neoplastic phenotype. 

Vitamin E may protect against the development of cancer by several ~echanisms such as reacting with 

genotoxic radicals, by inhibiting carcinogenic nltrosamine formation and by protecting cell membranes against 

peroxidation. Recently, It has been reported that vitamin E may also enhance the expression of p53 wild type, 

an important tumor suppressor gene (5). Vitamin C acts mainly as an antioxidant and a free radical 

scavenger. Vitamin C is known to block the formation of carcinogenic nltrosamines from nitrates and to 

stimulate the immune system activity. It protects against carcinogen-induced chromosomal breakage and 

there is some evidence that vitamin C may affect cell growth and differentiation (3). Further, It has been 

shown to function in sparing or reconstituting vitamin E for protection of lipid membranes. 

- . : 
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Initiation YJ 
Promotion · / 

t . Transformat-ion 

/ _ Progression 

VITAMINS U!. 
Metastasis 

Fig. 2: Possible effects of antioxidant vitamins and beta-carotene on the conversion' otnormal 
cells to tumor cells 

Cancer - epidemiological studies 
' . ' 

There is a solid body of evidence of more than 200 published epidemiological studies on antioxidant 

vttamins and cancer indicative that high dietary intake of antioxidant vttamins may reduce the risk of 

developing cancer at various sites in humans. These results have been recently confirmed by larg~-scale 

studies for oral and pharyngeal cancer, lung cancer in nonsmokers and for colon cancer (Table 1 ). 

~,- One of the yet largest epidemiological studies (6) focussing on antioxidant status and mortality from 

various cancer sttes was carried out in 130 rural communes widely distributed over the populated areas of 24 

provinces in China. Among other micronutrients and various biochemical indicators of reactive oxygen the 

status of the antioxidant vttamins has been assessed in fasting blood samples from 3,225 randomly selected 

male and 3,225 female subjects (age: 35-64 yr) and has been related to mortality rates by age and sex for 

each cancer stte as published in the Atlas of Cancer Mortaltty in China (7). The results of multiple regression 

analysis by sex and cancer stte showed a significant inverse association of beta-carotene for stomach cancer 

in males .(p<0.05) and females (p<0.01 ). In males, vitamin C serum levels were also negatively associated 

with the incidence of all cancers (p<0.01 ), esophageal cancer (p<0.001) and lung cancer (p<0.05) . 

During 1968 to 1972 the Mobile Clinic of the Social Insurance Institution investigated the association 

between vitamin E intake and lung cancer risk among 29,994 male, Finnish· nonsmokers and smokers (8). 

3 
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Based on a di~tary history method in a·subsample of 5,303 men, the relative risk of lung cancer-among 

nonsmokers was in the lowest tertiles of vttamin E intake, 3.3 fold higher than .in the highest tertiles, whereas 

,. -
no difference of lung cancer ~isk was seen in smokers {RR 0.8)·. Another study on lung cancer in nonsmo.kers • 

I. I . • 

carried out in New York State from 1982 to 1985 (9) included 413 individually matched case-control pairs of 

subjects. Besides increased consumption of raw _frutts and vegetables this study found that the use of vitamin 

E supplements showed a highly significant risk re~uction for lung cancer {RR 0.55; p<0.007). 

. A population-based case-control study of oral and pharyngeal cancer, conducted during 1984 to 1985 

in-four.areas of the Untted States comprising 1,114 cancer cases and 1,268 matching controls (10) reported 

that the use of vitamin E supplements {> 100 l.U. vttamin E per day for 1 to 2 years) lead to a 50% risk 

reduction (p<0.001) for oral and pharyngeal cancer. Vitamin C intake by supplements of ~31 Omg per day 

reduced the risk for oral and pharyngeal cancer by 40%, although this relation was not indepen_9ent from 

vttamin E use. These findings were recently confirmed by two other studies from Australia (11) and Northern . '., . 

Italy (12): The latter included 57 Italian women wtth histologically confirmed esophageal cancer and 344 
• 

I 

controls. Among dietary items, high intake of fresh fruit showed the most significant protective effect and in 
, . .- .. . r: 

the group with the highest beta-

- ~· . 
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Table 1 : Some recent epidemiological data on antioxidant vitamins and different cancer sites 
(Ca=~ancer, DQ=dietary questiormaire, suppl= supplements, RR=relative risk) ' 

/ 

, 
\ 

Results Author Population Endpoint Parameter 

Gridley G et al, 1992 1,114 cases oral or vitamin E RR Q.50 
1,268 controls pharyngeal Ca by suppl 

Kune GA et al, 1993 41 cases oral or vitamin C, RR0.43 
398 controls pharyngeal Ca ~-carotene RR0.63 

byDQ 
Zhang L et al, 1994 600 cases gastric lesions vitamin C, RR0.50 

beta-carotene RR0.60 
by SL-

Ramon JM et al, 1993 117 cases gastric adeno-ca vitamm c RR0.31 
234 controls byDQ 

Bostick RM et al, 1993 35,215 Iowa women colon Ca ·vitamin E RR0.44 
by suppl 

· Taylor Mayne S et al, 1994 413 cases lung ca vitamin E RR0.55 
413 controls in nonsmokers by suppl 

.· 

carotene intake there was also a 50% risk reduction (p<0.06). The study from Kune GA et al (11) 

qomprised 41 men from Melbourne, Australia with oral or pharyngeal cancer as compared to 398,.male 
' 

. controls. Besides vegetables and fruit a statistically signfficant protection was also noted with increasing'; 
'" .: . ~ . 

. intake of diet~ry beta-carotene (p<0.03) and vitamin C (p<0.001 ). 

In an area of China with a high rate of stomach cancer serum levels of vitamins C (n=513) and 

E_ (n=586) and beta-carotene (n=581) were assayed out of a population of 3,433 subjects (13 ). 

Histological diagnosis was made employing a gastric mucosa tissue sample assessed by gastroscopy. 

Subjects with low beta-carotene serum levels had a 40% higher risk (p<0.01) an~ those with low vitamin 

C levels, a 50% higher risk (p<0.01) respectively, for intestinal metaplasia, which is considered as a 

precancerous lesion. Multivariate analysis revealed that the strongest and only significant effects were for 
D 

vitamin C and beta-carotene. The relative risk of intestinal metaplasia in individuals wit~. both, high 

vitamin C and high beta-carotene levels were reduced of 84%. 

Another recent study on gastric cancer and micronutrients was conducted during 1988 and 

1989 in Barcelona, Spain (14). One hundred and seventeen cases with histologically confirmed diagnosis 

J 
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of gastric ad.enocarcinoma have occurred and,were compared-with 234 controls. Multivariate analysis 

showed only for subjects in the uppermost quartile of dietary vitamin C intake, as assessed by a food. 
•L • • 

frequency questionnaire, a statistically significant risk reduction of 69% (p<0.001 ). 

The aim of the Iowa Women's Health Study (15), which included 35,215 Iowa Women (age: 55-

69 years) without a history-of cancer, was to investigate whether high intakes of antioxidant 

micronutrients protect against colon cancer in humans. From 1986 through-1990 . two hundred and ~elve 

incident cases of colon cancer have occurred. Dietary intake was assess.ed by a food frequency 

questionnaire and use -of vitamin supplements were documented. Total vitamin E intake (P< 0.001) .arid 
-:._ ,. 

\ 

use of vitamin E supplements containing more than 100 IU (p<0.002) wa~ highly significantly inversely 

associated with the risk of .colon cancer. After multivariate adjustment, only total vitamin ~ intake and 
' i .r. ··-1 ... 

supplemental vitamin E showed a signtticant risk reduction, while dietary vitamin E intake alon_e did not. A 

remarkably strong risk red1_:1_ction of 84% of colon cancer in the highest quintiles of vitamin E intake~was 

found among ttie wome.n being in the youngest age categorr (55 t6 59 years old). 
\, - ,, 

A· recently. published case-control study (16) from the island of' Funen, Denmark is part of a 

screening trial for colorectal cancer with Haemoccult-11: This study enrolled initially. 30,970 individuals to 

be screened with Haemoccult-11 and 30,968 controls. Colonoscopy was obtained in more than 85% of 

those individuals with a positive Haemoccult-11 test: 172 cases of colorectal 'adenoma·were compared to 

362 controls. Dietary estimate was based on a 7-day dietary recall. The findings of this study are a 

significant risk reduction of .colorectal adenomas of individuals in the highest tertile of vitamin E (RR 

0.48;p<0.02) and a trend for the intake of vitamin A (RR 0.65;P<0.06). 

Cancer • intervention studies 

Oral leuk~plaki~ is considered.as a premalignant lesion for oral cancer. As reviewed by 
,' . ' . ' 

Garewal (17), it has been shown· in several clinical trials, that the administration of beta-carotene alone, 

as well ·as a combination of beta-carotene and vitamins E and/or C, can produce a substantial regression 

6 



of tbis disease. Besides the studies on oral leukoplakia .which have been investigating only small 

populations, recently three major intervention studies on vitamins C and E and.beta-carotene and cancer 

have been published. 

Two large intervention studies focused on gastrointestinal tumors: The Linxian Nutrition 

lr:itervention.Trial (18) and the Polyp Prevention Study (19): The Linxian study which included 29,584 

adults from Linxian County in China reported a significant reduction in overall mortality (p<0.03); mainly 

because of lower cancer rates, particularly of Stomach cancer in·the-group receiving 15 mg beta-

carotene, 30.mg vitamin E and 50 µg selenium. In contrast, the recently published Polyp Prevention 
\ 

Study (19), which investigated the recurrence of adenomas of the colon which are considered as 

.- preeancerous !es-Ions, found no significant difference between acti~e and placebo group. The study 

included 864 randomly assigned patients who had already had one or more colon_.polyps ... They received 

antioxidant vitamins by a two-by-two factorial design for a time period of 5 years: 25mg beta-carotene per 

' 
day, 400mg d-cx-tocopherol and 1g vitamin C per day, a combination of all or placebo. 

The Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer Prevention Study (20), a randomizeq, 

double-blind, placebo-controlled prevention trial investigated the effect of beta-carotene and· vitamin E on 

,- the incidence of lung cancer and other cancers in. 29, 133 male, heavy smokers from 14 different study 

sites of southwestern Finland. The participants received a supplementation of either.so mg/d dl~alpha-
.. . 

tocopheryl acetate or 20 mg/d beta-carotene, both, or placebo. This study described a 18% increase of 

lung cancer in the beta-carotene group, a finding which is in strong contrast to the results of more than 

·40 epidemiological papers published during the last two decades reporting consistently a beneficial effect 

particularly of a high dietary beta-carotene intake on the incidence of lung cancer. Beta-carotene is 

_considered as safe, and so far there is no plausible mechanism to explain why in the beta-carotene group 

the incidence of lung cancer was higher. Thus, further research on this issue is needed to find out 

y.rhether or not this finding of the ATBC-Study is due to chance, as the investigators and other 

researchers have suggested (21 ). 
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Atheroge~esis and the possible role ~f a11tioxidant vitamins 

In the development of atherosclerosis oxidatively modttied .LDL is considered to play a pivotal 

role, because oxidative damage of LDL strongly a.mpltties its atherogenicity (Fig. 3). In fact, there are a . 

number of studies demonstrati.ng·a protective effect of antioxidant vitamins against LDL-oxidation: 

·Recently, again it has been reported that short- (22rand long-term (23,24) administration of large doses 

of vitamin E (800 IUa-tocopheroVd, 1,000 IU d;!-a-tocopherol/d, 1,600 mg vitamin Eld) may strongly 

protect LDL against ex vivo oxidative modttication. This is in agreement with the clinical observation that 

' . 
LDt. susceptibility to oxidation, as measured by the lag phase, was in 35 young, male survivors of · , 

myocardial infarction inversely related to angiographically documented coronary atherosclerosis · (25). 

Besides the lipid-hypothesis, other mechanisms and constituents of the blood like platelets play 

an important role among the various factors involved in the formation of atherosclerotic plaque~ (Fig; 3). 

Plateletadherehce at ah altered blood vessel wall is the first step in platelet induced clotting, which by the 
\ ., 

way is not affected by aspirin. Healthy volunteers taking 200 l.U. vitamin E per day for two weeks showed 
. . 

. as compared to controls ·a .reduction of platelet adhesion of 44% (p<0.01) and of 7,7% (p<0.005), 

respectively, after taking 400 1.U. vitamin E for two additional weeks (26). A plausible. mechanism for the 

effect of vitamin E supplementation on platelet adhesion may be the reduction of pseudopodium formation 

which has been demonstrated by electroscopic examination of platelets (27). · . 

..,.,, ·.·.··.: '1. 

. ~.) --
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Reaction-to-injury model 
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; lnjll)' 

+ 
Adhesion of platelets to 
denuded arterial surface 

platelet activation and 
aggregation 

Fig. 3: Different mechanisms involved in the development of atherosclerosis 

Finally It should be mentioned, that recent epidemiological data are· pointing out again that vitamin 

C (28) can enhance the concentration of HDL-cholesterol, which is believed to be protective against the 

development of atherosclerotic lesions. In addition, It has been recently reported (29) that vitamin C 

ii. 
serum levels were highly significantly directly associated with HD~-cholesterol (p<0.0002), which is 

considered the major part of HDL-cholesterol predictive for lowering coronary risk. Beta-carotene is also~ 

known to increase HDL-cholesterol. 

IJ 

cvo·_. epidemiological studies . 

There are abundant epidemiological data which are indicative that higher intake of antioxidants 

can reduce _the risk for CVD. ·One of the classical studies, the MONICA-Study (30) found that lipid-

- . . J 
adjusted serum cx-tocopherol levels were inversely related to mortality from coronary heart disease 

(p<0.002). in 12 different populations of Europe. . 

- . Another study from Europe is the Basel Prospective Study (31 ).'After a 12-year follow-up this 

study reported a lower risk (RR 0.65; p<0.02) of mortality from ischemic heart disease in the ·group with 

the highest Concentrations of carotene serum levels .. In addition, the risk of stroke was also signtticantly 

reduced in the patients with both high vitamin C and high serum carotene levels (RR 0.24; p<0.002). 

9 
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The Edinburgh Artery study (32) is a cross:sectiorial survey of 1,592 men and. wom~n aged 55 to 

74 years. One aim was to examine the relationship between peripheral arterial disease, as measured by 
' - ' 

the ankle brachia! pressure index, and dietary factors. Dietary intake of nutrients was assessed by_ a food . 
I 

' 
questionnaire including 60 different food items. Dietary vttamin E intake was signtticantly associated wtth 

the ankle brachia! pressure index, indicating a lesser extent of peripheral arterial disease. 

Tabl. 2: Some recent epidemiological data on. CVD. (CVD=cardiovascular disease, -·" 
PAD= peripheral arterial c:lisease, DQ=dietary questionnaire, PL=plasma level, 
ABPl=ankl~ brachia! pr~ssure index). 

Author Populatioa Endpoint · . Parameter • - Main Results 

Stampfer MJ et al, 87,245 female CHD vitamin E RR 0.66 
"· 1993 nurses by DQ .. 

Rimm EB et al, . 39,910male CHD vitamin E RR 0.59 
1993 health professionals beta-carotene RR 0.71 
Gey KF et al, 2,947 male · Stroke vitamin C and RR 0.65 
1993 volunteers carotene by · ... 

. PL 

CHD carotene by RR 0.65 
PL 

Knekt et al, 1994 5,133 men and CHD · vitamin E RR 0.68 
women byDQ · 

Donnan PT et al, 1,592 men and PAD vitamin E associated 
1993 women beta-carotene not associated 

by DQ with ABPI 

4 
. '- -· 

Recently two large scale prospective epidemiological studies provi.ded further. compelling 

evidence that dietary vttamin E intake may be inversely related to the ri~~ fo~ coronary heart disease: The 

Nurses' Health Study (33) and the Health Professionals Follow-up_ Study .(34) . ._ - , 

The Nurses' Health Study includecf ~population of 87,245 female nurses, aged 34 to 59 years. 

Dietary vitamin E intake. was estimated . bas~d on a dietary g1,1estionnaire and on the use of supplements 

· . . containing antioxidant vitamins. After adjusting for age, smoking status and other risk factors, the risk of a 

coronary event was-signtticantly lower .. (RR p.66, p<0.Q01) in the highest quintile of vttamin E intake, as 

compared to those in the lowest quintile. ~he apparent beneftt was attributable mainly to subjects using 

10 
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vitamin E supplements for tWo or more years. High levels of intake from dietary s9urces alone w~re not 

associated with signtticant reductions in risk., 

The Health Professionals Follow-up Study investigated 39,910 male hea.lth professionals 40 to 

75 years of age, who were free of diagnosed coronary heart disease, diabetes, .and hypercholesterolemia. 

Dietary intake of vitamin E was estimated from a food questionnaire and the use of supplements were 

, also documented: During four years of follow~up, 667 coronary end points were documented. As 

_ compared with the lowest quintile forvitamin E intake, the age-adjusted relative risk of coronary heart 

disease was signtticantly lower (RR 0.59, p<0.001) in the highElst quintile. Again, the maximal reduction 

· in risk was seen among supplement users .consuming 100 to 249 mg .vitamin E per day for two or more 

year5, with no further decrease at higher doses. ' -

Another recently published longitudinal study included· 5, 133 Finnish men and women aged 30-69 
- :-

years who have been initially free from heart disease (35). Food consumption was estimated by a dietary 

history method covering the habitual diet during the previous year. During a mean follow-up of ·14 years, 
• 

244 new_ fatal coronary' heart disease cases have been documented. An inverse association betwee~. 

dietary vitamin E intake.and coronary mortality was seen: ~2% risk reduction (p<0.01) in the group. with 

the ·highest vitamin E intak~. ., 
,, - J --' 

. The EURAMIC (36), a multicenter case-control study, is yet the only study which measured a-
11. 

tocopherol and beta.:carotene concentrations in adipose-tissue samples collected in 1991 and 1992 from 
•, . 

683 people with acute myocardial infarction and 727 controls. The age-adjusted and center adjusted odds 

ratio for risk of myocardial infarction in the uppermost quintile of beta-carotene was significantly lower 

(0.56, p<0.001) than in the lowermost quintile. The risk reduction was largely attributed to the effect 'ct 

smoking. 

CVD • ·Intervention studies 

, So far, there is only one study which assessed clinical endpoints of CVD after intervening with 

beta-carotene. In 1982, a large randomized, placebo-controlled, double-blind intervention trial among 
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22,701, male physicians from the U.S., aged 40 - 84 years was starte9 atHarvard University (37). 

Subjects were ra~domly assigned to four different treatment groups: 325 mg aspirin ·alone, 325 mg 

' 
_·aspirin and 50 rng beta-carotene (on alternate .days); 50 mg beta-carotene alone and a placebo group . 

. :·.·An analysis of 3.33 physicians with stabl.e angina or a prior coronary revascularizatio~ demonstrated that 

. : those. subjects· receiving 50 mg beta-carotene on alternate days experienced a statistically significant 

reduction of 49% in the relative· risk of all major vascular .events· (myocardial infarction, cardiovascular 

death, coronary revascularization, stroke) ~s compared to those receiving placebos. 

Recently two other studies reported that the progr~ss of already. established coronary · 

. atherosclerosis ·could be slowed down in ·patients with coronary heart disease by using antioxidant vttamin 

supplements. In a double-blind, placebo-controlled trial, D_eMaib et al ·(38) investigated the effects of a-
- . ,- . 

. .. tocopherol on, restenosis following PTCA.: Fifty-two patients received 1,200. IU dl-a-tocopheJol per day 

and 48 an inactive placebo. As measured by angiography patients receiving cx-tocopherol had a 35.5% 

· restenosis vs 47.5% restenosis in th~ placebo group (p<0.06). 'Further, a retrospective ·evaluation of the .. 
Cholesterol Lowering Atherosc,ferosis;·Study (CLAS) (39) provides evidence 'hat progression of the 

. coronary artery lesions, as measured by quantitative angiography is· signtticantly lower in patients taking 

vitamin E supplements and as a trend also for vitamin C. The lessening effect of vitamin E supplements ,, 

> 100 IU per day on the progression of the coronary ·artery lesions was observed in both, the placebo 

group and the patients who were on colestipol-niacin (40). Beta-carotene was not evaluated in this study. 

,• 
. '· ·-· - . __ ,_ .. 

~. - . . ... . 

• f ' - .•-I '·,· 

., ·,-.-
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. c;~ncluslons 

_ , A large body of evidence has been accumulated from the results of recently. published · 

epidemiological studies consistently reporting an association of dietary intake of vttamins C and E and of 

beta-carotene with a risk reduction for coronary heart disease and cancer as well. The results from 

: _several studies are strongly suggesting that the vttamin E dosage required to reduce the risk of both, 
/ 

.. -coronary heart disease and colon 

' Tab. 3: Some ongoing inteivention studies on cardiovascular disease (CVD) arid 
·cancer (Ca).(BC=Beta-carotene) 

Trial Population 

Physician's Health Trial 22,000 men 
Hennekens CH (Boston, USA) 

Wo!Tlen's Health Study 40,000 healthy 
. IU, ' 

Bµting J (Boston, USA) women >50yr 

Heart protection Study . · 20,000 men and 
IU 
Peto R (Oxford, UK) women with 

increased CVD risk 

Carotene and Retinol Efficacy 18,000 men and 
Tri~ (CARET) women exposed to 

Omenn GS (Seattle, USA) 
Chemoprevention of Gastric 
IU, 
Cancer 
Munoz N (Lyon, France) 

asbestos/smoker 
· 3,ooO pati~nts with 

stomach metaplasia 

Prevention of Skin Cancer 1,700 men and 
Green A (Brisbane, Australia) women 

Endpoint 

CVD 
All Ca sites 

CVD 

Lung/breast Ca 

CVD 

Lurig Ca 

Gastric Ca 

·Skin ca· 
Actinic keratosis 

d 

Daily dos~g~ 

BC' 50mg (alternate day) 
Aspirin (alternate day) 

BC 20mg; 'vitamin E 200 

Aspirin_. 

BC 20mg, vitamin E 600 

vitamin C 250mg, 
Simvastatin 40mg 

Vitamin A 25,000 IU, 
BC 30mg 

BC 18mg, vitainin E 600 

vitaminn C 750mg 

. BC 30mg 

cancer may be above 100 IU per day. This amount is much higher than the current RDA for vitamin E and can 

bareiy be provided by a prudent d.iet. Thus, the use of vttamin E supplements may be part of the efforts to 

decrease the risk for coronary heart disease. The limited number of yet publlished intervention studies focusing on 
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cancer provided no consistent results, while the first emerging data on antioxidant vttamins and beta-carotene and 

CVD are in full agreement wnh .the large number of epidemiological data suggesting a strong posttive impact of 

these·vitamins on public health. 

The last decade has clearly shown that vttamins may exert many exctting effects beyond their classical role 

of avoiding deficiency. In this context the· recent data provide further evidence that vttamins C and E and beta-

carotene, which are generally recognized as safe (GRAS) as nutrients and as supplements (41, 42), may be 

promising candidates to improve preventive health care. We are looking forward to the outcome of seve_ral ongoing 
0 . 

studies (Table 3) which may hopefully provide more information on these important public health issues. 
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THE ROLE OF ANTIOXIDANT VITAMINS IN ANIMAL HEAL TH 

Boon P. Chew 

' ' 
Department of Animal Sciences, Washington State University, 

Pullman, WA 99164-6320 

INTRODUCTION 
' ' 

Carotenoids (~-carotene and lycopene), vitamin E (a-tocopherol) and vitamin C (ascorbate) are naturally
occurring antioxidant nutrients that play important roles in animal health by removing hannful free radicals 
produced through nonnal cellular activity and from various stressors. Both in vitro and in vivo studies 
showed that these antioxidant vitamins generally enhance different aspects-of cellular and noncellular 
immunity. The antioxidant function of these micronutrients cowd, at least in part, enhance immunity by 
maintaining the fmictional and structural integricy of important inunune'cells. A compromised immune 
system will result in reduced animal production efficiency through increased susceptibility to.diseases, 
thereby leading to increased animal morbidity and mortality. -

a ANTIOXIDANT VITAMINS .. 
Nutrition has a profound effect on immunity and health in animals. Nutritional deficiencies impair immune 
responsiveness and, thereby, increase morbidity and mortality. On the other hand, nutritional · ~. 
supplementation often enhance certain aspects of immune function. A group of vitamins (carotenoids, -'.";~ 
vitamin E and vitamin C) with potent antioxidant activities have recently received a great deal of attention 
due to.their action on inununity and disease etiology. . ' 

- ' 
Highly. reactive oxygen species such as supero~ide anion radical (02 •).hydroxyl radical (Ho•). hydrogen 
peroxide CH202) and singlet oxygen (lov are continuously produced in the course ofnonnal aerobic 
cellular metabolism. Two of the oxygen species, the superoxide anion radical and hydroxyl radical, and 
hydrogen peroxide are produced during the step-by~step reduction of oxygert · ' ' 

Superoxide anion radical 

Hydrogen peroxide 

Hydroxyl radical 

- ,_ 

[ . ' 

In addition, there ~s an activated. form of oxygen, the singlet oxygen, which is also highly reactive. These 
reactive oxygen species, when allowed to accumulate, are capable of destroying the integrity of cellular 
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thereby mairttain the ~ctural and functional integrity of.ce:µs .. Therefore, antioxidants~ very imporunt · 
to immune defense and health of animals, and consequently to iheir production capacity. 

The body p0ssesses different levels of defense against oxidative stress. The endogenous antioxidative 
enzymes include suj:>eroxide dismutase which destroys superoxide anion radicals, and peroxidase and 
catalase which detoxifies hydrogen peroxide. 

superoxide dismutase -

• • • • • 

peroxidase 

• • • • • 

catalase 

. . . . . 
The nonenzymatic e~dogenous anti~xidantS include glutathio~e, bilirubin, 'UnC acid, albumin and . 
ubiquinol-10 .. In addition, animals consume varying amounts' :of exogenous antioxidants which consist of 

vitamins and other micronutrients. The naturany-occu~ng antioXidant vitamins. includ~ th~ carotenoids (~ 
-carotene and lycopene), and vitamins E and C. Studies have shown that these antioxidants, acting either 
individually or in concert, can ~gulate an animal's host defense mechanism. The require01ent for these., · 
antioxidants increase with increased level of stress. Tilis review will discuss the role of these antioxidant 

' . 
vitamins on immunity and health in domestic food animals. 

',' .. , 
HOST DEFENSE MECHANISMS· 

1'.1.'_ 

' ' 

When an animal faces an antigenic insult, the animal's host defense system becomes pivotal in the eve11tual 
elimination of these harmful foreign particles. A number of branches of the animal's host defense system 
working in synchrony are often required in order to mount an effective host defense response. The main 
branches of the host defense system include: (1) specific cellular (cell-mediated) immunity, (2) spec~fic 
noncellular (antibody-mediated) immunity, (3) nonspecific cellular immunity {Phagocytes); and. (4) 
nonspecific noncellular (nonimmunological) (lysozyme, transferrin/lactoferrin, complement, etc.) protective 
system. Upon engulfing pathogens, blood phagocytic granulocytes undergo respiratory burst io produce 
oxygen radicals to destroy the intracellular pathogens. However, these 9xidative products can, in tum, 
damage healthy cells if they are not eliminated. 

CAROTENOIDS ON IMMUNITY AND HEAL TH . ' 

Research on the function of carotenoids on immunity and health have, in the past, focused Of1 ·~-carotene. 
However, greater interests have more recently been shown with other imporunt carotenoids including a
carotene, lycopene, lutein, canthaxanthin and astaxanthin. 

Immunity. The role of carotenoids in modulating the cellular and noncellular host defence systems in 
domestic food animals has been reviewed (Chew, 1993). Holstein cows supplemented daily with 300 or 

600 mg of ~-carotene had increased ex vivo mitogen-ihduced lymphocyte proliferation' during the 
- . "' . . 

- -- ·_, ~.~ ,- . - l.-
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periparrum Qeriod (Michal et al., 1994) compared to unsupplemented animals. Prefonned vitamin A 
(120,000 IU/d) fed to a similar group of peripartwn cows did not produce a similar response profile. In, , 
vitro stu~es using peripheral blood mononuclear cells isolated from Holstein cows during the peripartum , 

period arid incubated with 1x10-9 M ~-carotene (Daniel et al, 1991b) or from nonlactating pregnant 

heifers and incubated with 1 x 10-8 to 1 x 10-6 M ~-carotene (Daniel et al., 1986) showed increased 
mitogen-induced lymphoproliferation when compared to unsupplemented culrures. In contrast, retinal did 

\. ' 
not exert a similar stimulatory effect on lymphocyte proliferation, while retinoic acid was generally"' 
suppressive in the cultures (Daniel et al, 1991b). The stimulatory activity of carotenoids on lymphocyte 
blastogenesis has similarly been demonstrated in pigs (Hoskinson et al., 1989, 1992). Similarly. ex vivo 
and in vitto studies in other species have reported that 13-carotene increases the number of helper/inducer T 
lymphocytes. the number of peripheral blood mononuclear cells expressing surface markers for natural 
killer cells and for interleukin 2 and transferrin receptcirs, natural killer cell cytotoxicity' and in the 
secretion of tumor necrosis factor a, and interleukin 1 (Chew, 1993 for review). Tomita et al. (1987) 

reported that the action of ~-carotene was specific against against a specific antigen. 

In an ex vivo study, blood neuttophils isolated from Holsteifl cows fed 300 or 600 mg of 13-carotene/d 
during the peripartwn period had highe~ bactericidal ability during the prepartum and postpartum periods 
(Michal et al., 1994). The increased bacterial killing could be accounted for partly by increased 
myeloperoxidase activity in the neutrophils. Similarly, the phagocytic activity of blood neuttophils 

obtained from cows fed 400 mg of 13-carotene/d during ttre pre- and post-dry off periods wa5 higher than 
that observed in cows fed prefonned vitamin A (Tjoelker et al., 1990). In vitro, 1 x 1 o-8 to 1 x 10-7 M of 

13-carotene enhanced the bactericidal activity of bovine blood and mammary neutrophils isolated from cows 
during the peripartum period (Daniel et al., 1991a). Similarly, Tjoelker et al. (1988) reported that 1 x 10-6 

M of 13-carotene stimulated neutrophils phagocytic and bactericidal ability in dairy cows immedi.ftely 
before and after the dry off period In contrast, retinol and retinoic acid generally decreased phagocyrosis 
and rutd no effect on the bactericidal activity. Schwartz et al. (1990) reported ~creased cytochrome ~ .-:. 

oxidase and peroxidase activities in macrophages incubated with canthaxanthin, 13-carotene, and a
carotene compared with incubation with 13-cis retinoic acid The stimulatory activity of canthaxanthin 

was greater than that observed with 13-carotene and a-carotene. Phagocytosis also was stimulated by these 
carotenoids, even though to a lower degree. All of these changes indicate increased respiratory bursts by 
the macrophages when they are exposed to carotenoids. 

Health. Mastitis is an inflammation of the mammary gland. The incidence of mastitis in dairy cattle is 
highest during two stressful periods, the period immediately postparrum and the early dry period. 

Concentrations of blood 13-carotene and vitamin A decrease dramatically during the early postpartum and 
early dry periods (Dahlquist and Chew, 1985; Tjoelker et al., 1988; Michal et al .. 1994). These periods 
aiSo have been associated with impaired host defense mechanisms. With the known immuno-modulatory 

action of 13-carotene (Chew, 1993) and vitamin A (Chew, 1987), it is plausible that the decrease in blood 13 
-carotene and vitamin A concentrations may be associated with the suboptimal host defense observed ~ 

during these periods. In fact, lactating cows with higher concentrations of plasma 13-carotene and vitamin 
A had a lower severity of intramammary infection (Chew et al., 1982). Changes in concentrations of 

plasma 13-carotene and vitamin A have during the immediate prepartum period have been associated with 
higher somatic cell count during lactation (Johnston and Chew, 1984). Subsequent in vivo studies sho.wed 

a protective role played by 13-carotene against mastitis during the early postpartum and dry periods. Dairy 

cows fed 300 mg of 13-carotene/d during the dry period maintained the concentration of blood 13-carotene 
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and had lower incidence of new intrammary infection than cows fed· preformed vitamin A alone. During 

the peripartum period, cows supplemented with 300 mg ~-carotene had 38% lower milk somatic cell count " 
(Chew and Johnston, 1985) and a lower (13%) uici(!ence of intiamammary infections" than cows 
supplemented with preformed vitamin A (30-58%) or unsupplemented controls (67%) (Chew, 1983). 

. . -

· RH"+ oxidant initiator • R • 

~. -

The extensive system of double bonds makes J3-carotene (and other carotenoids) susceptible to attack by . 
pero~yl radicals, resulting in the formation of inactive products. 

Roa• + J3-carotene . ~ fo~ation of ~active products 
t. 

. ' 
The enhancement of immune functiQn by carotenoids (e.g. canthaxanthiit) which do not possess provit:aplin 
A activity strongly supports the antioxidant mode of action of carotenoids. In contrast to its antioxidant. 

role, J3-carotene may. behave similar to a prooxidant in promoting the rate degradation of unsaturated lipid 
~y.1989) .. 

~ . . ' . 
Therefore, carotenoids may regulate immune cell function by protecting them against free-radical mediated 

genotoxic damage. For instance,· J3-carotene and canthaxanthin reduced chromosomal damage in cultured 
' ' 

human lymphocytes (Bianchi et al., 1993). In addition, carotenoids may modulate cell membrane fluidity, 
increase gap-junctional intercellular communication and inhibit arachidonic acid oxidation, the latter of 
which are initiated by free radicals (Chew, 1993 for review). 

To be effective in the cell, J3-carotene must be present at critical sites in the cell such as the mitochondria, 

nuclear and plasma membranes~ In fact, oral or injected J3-carotene is taken up in significant amounts by# 
lymphocyte mitochondria, nuclei .and microsomes of cattle (Chew et al., 1993) and pigs (Chew et al., 

1991). The presence of J3-carotene-transport protein has been suggested (O'Fallon and Chew, 1984;. 
Lakshman and Okoh, 1993). ·- ·· · · · 

VITAMIN EON IMMUNITY AND HEALTH 

Vitamin E is a term that is used to describe 8 naturally-occurring fat-soluble nutrients c~ed tocopherols. 

a-Tocopherol i~ the most biologically active and the most abundant isomer of the vi~in E family. 

lnununity. a-Tocopherol supplemented to calves at the rate of 125 to 500 IU/d increased T-cell and B
een mitogenesis (Reddy et al., 1987). Similarly, an in vitro study showed that bovine peripheral blood . 

mononuclear cells incubated with 55-110 mg of a-tocopherol/ml had enhanced production of IgM and up
regulates interleukin 1 production (Stabel et al., 1992). Vitamin E can act as an adjuvant For example, 

20 



Cl-tocopherol and Se injected into sheep simultaneoilsly with Bruce Ila ·ovis (Afzal et al,, 1984) or 
Clostridium peifringens (Tengerdy et al., 1983) showed enhanced antibody response. Lambs 

supplemented with cx.-tocopherol and challenged with parainfluenza virus had higher serum antibody titers 

after a secondary challenge (Reffett et al., 1988). Similarly, steers supplemented with 0:-tocopherol and Se 
had higher antibody response to Pasteurella haemolytica vaccination (Droke and Loerch, 1989). Pigs . 

J ' 

supplemented with a-tocopherol and Se had increased immunoglobulin production (Peplowski et al., '· 

1980). Increased antibody response from a-tocopherol supplementation also occurred by way of tnmsfer 
of immuhoglobulins from the dam to their offsprings as shown in sows (Hayek et al., 1989) and in hens ~· 
through the yolk sac (Nockels, 1979; Jackson et al., 1978). Vitamin E-deficient laboratory animals sho.;..,M 
depresse-9 number of plaque-forming cells (Corwin and Schloss, 1980; Gebremichael et al., ~984). The 
production of interleukin 2 by splenic lymphocytes in vitamin E-deficient rats was depressed 

Weanling pigs fed a diet deficient in Cl-tocopherol and Se had lower mitogen-induced lymphocyte 
proliferative response when cells were incubated with autologous serum (Lessard et al .. 1991). Similarly. 

periph~ral lymphocytes obtained from sows fed a diet deficient in a-tocopherol or in a-tocopherol and Se 
had reduced mitogen-induced proliferation during the immediate prepartwn and postpartwn periods 

(Wuryastuti et al., 1993). Colostral lymphocytes fi:om a-tocopherol and/or Se deficient sows showed 
similar suppression in blastogenic response. Guinea pigs (Bendich et al., 1984) and rats (Bendich et al., 

1986) fed diets deficient in a-tocopherol but otherwise adeq\Jate in all essential nutrients showed decreased 
T and~ cell response. The authors (Bendich et al., 1986) observed that the immune system was affected . 

well before there were signs of frank vitamin E deficiency. Similarly, rats fed a diet deficient in CX.
tocopherol and Se had lower mitogen-induced lymphocyre proliferative response (Eskew et al., 1985). A .. 
positive correlation between splenic a-tocopherol concentration and mitogen-induced splenic lymphC!cyte 

proliferation was reported in mice (Mbawuike et al., 1982). Mice deficient in a-tocopherol and Se hacL~~ · 
lower natu~ killer cell-mediated cytotoxicity ~d T-lymphocyte-mediated cytotoxicity (Meeker et al., 
1985). 

The importance of vitamin E in regulating phagocyte function .also has been reported: Dairy cows injected 

with lOOOIU dl-a-tocopheryl acetate prepartum showed greater bactericidal activity at calving but had no 

effect on phagocytosis (Hogan et al., 1992). Neutrophils obtained from dairy cows injected with Cl
tocopherol and Se had enhanced phagocytic and bactericidal activity as compared to Se-deficient cows . 
(Gyang ei. al., 1984). The phagocytic and bactericidal activities of colostral neutrophils isolated from 

gestating sows fed diets deficient in a-tocopherol or in Cl.-tocopherol and Se were suppressed (Wuryastuti 

et al.,.1993). Neutrophils from a-tocopherol-deficient rats had lower phagocytic activity, decreased 
chemotaxis and decreased protection against autooxidative damage (Harris et al .• 1980). Administration of 

Cl-tocopherol increased the phagocytic activity of the reticuloendothelial system in mice (Heinzerling et al., 
1974). 

Health. ·Dairy. cows supplemented with 1000 IU dl-a-tocopheryl acetate during the dry period had a 37%. 
reduction in clinical mastitis and the duration of infection was shorter than in unsupplemented cows (Smith 

et al., 1984). Furthermore, a-tocopherol intake wa5 negatively correlated with rates of clinical mastitis 

(Weiss et al., 1990). Supplementation of a-tocopherol increased the average daily gain of newly arrived 
feedlot cattle (1600 to 800 IU/d; Gill et al., 1986) and of yearling heifers (100-300 IU/d; Hutcheson and 
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Cole, 1985). a-Tocopherol supplementation increased the resistance of chicks against E. coli (Heinzerling · 
et al., 1974) and oflambs',against Chlamydia (Stephens et al., 1979) .... · . 

~- . '. , . .::... : ' 

Mechanism. a-Tocopherolis the principal lipid-soluble chain-breaking antioxidant in plasma and tissµes • 
. ·. ' . . . ' ... 

(Jialal and Grundy, 1992). It functions by trapping peroxyl free radicals. In mammalian cells, a- . 
tocopherol is mainly located in mitochondria fractions and in endoplasmic reticulum, whereas little is found 

in cytosol and peroxisomes (Bjomeboe et al., 1990). ,A low molecular weight a-tocopherol-binding protefu 
has been identified in the cy,tosol o·f rodentliver and beart (Dutta-Roy et al., 1993)... This binding protein is, 
believed to be respo~iblefor the intracellular transport of a-tocophero~.. . . . -- . · . · 

.. 
Vitami~ E reactS with peroxyl radicals produced from polyunsaturated fatty acids in membrane 
phospholipids O! lipoproteins to yield a stable lipid hydroperoxide. 

LH + Oxidant initiator -~ L • 
• ~· I ,. 

c. 
L• + o 2 • Loo• 

Loo•+ Tocopherol • .LOOH + Tocophero1• 

•;., 

. ·, 
,. ' 

Through this biochemic~ reaction, vitamin E effectiv~ly reduces harmful ·lipid free radicals and the~by 
protect tissues from free radical attack. This antioxidant activity of vitamin ·E in preventing lf pid · · 
peroxidation is one of the possible mecharusms by which vitamin E enhances immune response. 

Vitamin E and Se may guard against percixidation of arachidonic acid (Lawre~ce et al., 1985;Likoff it al., 
1981) and thereby alter arachidonic acid metabolism in animals (Aziz and Klesius, 1986; Bryant and 
Bailey, 1980). This mechanism could account for the observed enhanced immune response by maintaining 
the ~ctional integrity of immune cells and tissues. ·However, cx-tocopherol may exert prooxidant activity 
under in vivo conditions (Frei and Gaziano, 1993; Bowry et al., 1992; Ingold et al., 1993). 

VITAMIN CON Th1MUNITY AND HEALTH 

Vitamin C or L-ascorbic acid is the most important antioxidant in extracellular fluids (Stocker and Frei, 
1991). 

Immunity. Dietary vitamin C supplementation (1.75 g/d) increased (Blair and Cummins, 1984) or had no 
effect (Cummins and Brunner, 1989) on eoncentrations of blood IgG in dairy calves. Vitamin C-deficient 
catfish had lower antibody response to E. ictaluri antigen, decreased complement activity and depressed 
neutrophil phagocytic activity. However, the bactericidal activity of the peripheral neutrophils was not 
affected. Vitamin C deficiency reduced (Fraser et al., 1978; DeRubertis et al.-. 1974) or had no significant 
effect (Bendich et al., 1984) on lymphocyte mitogenesis in guinea pigs. In guinea pigs, vitamin C was 
shown to be important in maintaining normal primary and secondary antibody responses (Kumar and 
Axelrod, 1969). Chicks fed megadoses ( 1 % of diet) of vitamin C did not show enhanced delayed type 
hypersensitivity, graft vs. host rejection, or antibody response to sheep red blood cells (McCorkle et al., 
1980). However, adult birds fed the vitamin Chad higher antibody titers against Bruce/la abortus whereas 
chicks had suppressed concentrations of the antibody.. · ·, · 

22 



-~,..· 

·i 

l 
· 1 ,. 

Vitamin C is found inJtigh concentrations in blood leukocytes (Moser, 1987). Ascoroate transporters 
present in human_neutrpphils can actively pump ascoroate from the plasma against a rugh concentration 
gradient (Washko et al., 1989). The high concentration of vitamin C is essential for neutrophil function _ 
(Anderson and Lukey, 1987). Also, the protective effect of vitamin C may partly be mediated through its 
ability to reduce circulating glucocorticoids (Nockels et al., 1973~ Degkwitz, 1987). The suppressive 
effect of corticoids on neutrophil function in cattle is alleviated with vitamin C supplementation (Roth ai:id 
Kaeberle, 1985). Also, dietary vitamin C reduces circulating glucocorticoids in chickens . 

Health. Calves supplemented with vitamin Chad lower incidence <?f scouring (Cummins and Brunner, 
1989). Similarly, vitamin C supplemented at the rate of 330 ppm reduced mortality and pericarditi~ in _ · · 
chicks infected with E. coli (Gross et al., 1988). The amount of vitami~ C needed for this protective effect 
increased with higher enviromnental stress level. Vitamin C supplementation decreased the rate of 
mortality in channel catfish infected with Edwardsiella ictaluri, a bacterium which causes enteric 
septicemia (Li and Lovell, 1985). ' 

D 

Mechanism · ~!tamin C can protect biomembranes against lipid peroxidation damage by eliminating 
peroxyl radicals in the aqueous phase before the latter can initiate peroxidation (Frei et al., 1989). Vitamin 
C is effective against superoxide, hydroxyl radical, hydrogen peroxide, peroxyl radical and singlet oxygen 
(Sies et al., 1992). 

Vitamin C also may function to reduce the tocopheroxyl radical, thereby restoring the radical scavenging 
activity of vitamin E (Niki, 1987). The ascoroate radical (semidehydroascoroate) is-reduced to ascoroate 
by NADH-dependent semidehydroascoroate reductase (Green and O'Brien, 1973). 

- Ascoroate + Vitamin E• • Semidehydroascoroate (Ascoroate•) + Vitamin E -iio 

Ascort>ate• + NADH • · Ascoroate + NAD 

The sparing effect of high dietary vitamin C in elevating plasma and tissue vitamin E has been reported in. 
guinea pigs (Bendich et al., 1984). 

INTERACTION OF ANTIOXIDANT VITAMI~S 
., 

Cooperative interactions exist with ~-carotene, a-tocopherol and ascoroic acid. Palozza and Krinsky :·J 

. (1992) reported that ~-carotene and CX-tocopherol act synergistically in rat liver microsomal memb~es to \ 

inhibit lipid peroxidation. ~-Carotene is a more active chain-breaking antioxidant nutrient at low oxygen 

partial pressures whereas a-tocopherol is more active at ambient oxygen tensions (Burton and Ingold, 

1984). a-Tocopherol interacts synergistically with vitamin Cat the membrane-cytosol interface to 
regenerate membrane-bound oxidized vitamin E (Chan, 1993; Niki, 1987). The interaction among these 
antioxidant nutrients is likely very important in protecting cells because the concentration of each 
antioxidant alone may not be adequate to effectively protect these cells against lipid peroxidation. 
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·· ANTIOXIDANT VITAMINS IN TURKEY NUTRITION 

Peter R. Ferket 

Extension Poultry Nutritionist, 
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There has been considerable charige in the turkey industry during the las~ 10 years: increased number of birds, 
increased production efficiency, and increased product selection for, consumers. In 1984, turkey toms reached 
126-day maricet weight of 22.7 lbs with a feed conversion of 2:74. In 1994, turkey- toms reached 126-day market 
weight oL29.0 lbs with a feed conversion of 2.69 (Sell, 1994). In the 1980s, 70% of all turkeys were marketed 
as whole fresh or frozen product Today, about 70% of all turkey are marketed as further processed or value
adcled products. Cooked product is especially popular today, so con5umer perception of quality (appearance, 
texture, and flavor) is very important. · · 0 

, • ; 

The improv,ements in growth performance have been accompanied by an assortment of health-related problems, 
including poor livability, susceptibility to stress, immune function problems, leg problems, respiratory problems, 
and enteric problems. In a 1991 survey of about 50% of the US turkey industry, all respondents had the 
opinion that today's turkeys are more difficult to manage and more susceptible to health problems than turkeys 
10 years earlier (Ferket and Scheideler, 1991). This survey also indicated that 37.5% of the turkey companies· 
ranked livabilitY, health problems or early poult mortality as their primary concern. · 

Resistance to. diseases that cause mortality or morbidity in turkeys is dependent upon the genetic-based · 
immunocompetance, which is negatively correlated with growth rate and high meat yield. Selection for ~ 
improved growth and carcass yield characteristics indirectly favors the selection of turkeys that are refractory to 
immunologic stress. Immunologic stress from infectious challenges cause metabolic c~anges that stimulate thl· .,-:, 
immune system. A stimulated immune system results in an increase in cytokine release, which increases basal 
metabolic rate, decreases appetite, and causes homeorhetic responses that direct nutrients away from skeletal 
muscle growth in favor of metabolic processes needed to support the immune response and disease resistance 
(Klasing, 1993). Individuals that are somewhat refractory to immunologic stress maintain the best growth 
performance, but they are most susceptible to infectious disease challenges. 

Recently, there has been much interest in nutritlonal means to ~nh~Ce! immune fun~-tion in turkeys. Nutrients 
that have immunoregUiatory roles include Vitamin E. C, D, A. xanthophylls, arginine, and n-3 and n-6 fatty acids 
(Klasing, 1993). Vitamins E and C exert their effect by serving as antioxidants that help maintain the stability of 
leukocyte membranes in the face of high levels of reactive oxygen intermediates at inflammatory sites. The 
immunomodulatory effects of vitamin E has been studied with turkeys in our laboratory. 

- . 
'• ~ 

Meat quality problems are also becoming increasingly noticeable, partly-because of the bird and partly because 
of the type of ·products marketed. The meat quality problem that many turkey processors are becoming 
increasingly concerned about is a condition similar to pale, soft, and exudative (PSE) meat observed in pork. 
PSE-like turkey meat results in lower cook yield and held water, poorer shear stress and strain strength, 
unfavorable color characteristics, and poorer shelf-life. Ferket and Foegeding (1994) suggested that the PSE-like 
problem in turkey meat may be more related-to growth rate and.muscle structural integrity rather than 
myofibillar functionality as in pigs. Muscle structural integrity is a function of connective tissue integrity and 
cell membrane integrity. As growth rate in turkeys increase, the radial· growth of their muscle fibers exceeds the 
growth and pevelopment of the connective tissues that bind the muscle fibers together. The development of 
connective tissue integrity is a function of collagen cross-linking of hydroxyproline and hydroxylysine, which 
require vitamin Casa co-factor for synthesis. Conversely, cell membrane integrity is adversely affected by the 
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accumulation of reactive oxygen metabolites; which ·are products of metaPC>IiSm·-tllat can be controlled by vitamin 
E. 

VITAMIN E SUPPLEMENTATION 

Clinical vitamin E deficiency in turkey poults is common in the field, despite adequate vitamin E 
supplementation of the feed. Even if poor performing poults are not diagnosed as vitamin E deficient, often they 
still respond to high doses of vitamin E supplementation. Soto-Salanova et al. (1993) 'demonstrated that a
tocopherol concentrations in pl3sma and liver declined significantly d;mng 3 weeks post-hatch, regardless of the 
level of dietary vitamin E; however, high vitamin E supplementation helps the poult maintain higher serum 
concentration of a-tocopherol (Table 1). Reasons for the poult's inability to maintain tissue a-tocopherol 
concentrations may be ~iated with ineffic~ent intestinal absorption of vitamin E (Marusich et al., 1975). 
Decreases in tis,sue a-tocopherol concentration may also be related to rapid postnatal body 
development (Mezes! -1_988). Regardless of the reason. low vitamin E status is likely associated with 
the poult's inability to withstand disease challenge. , · 

·• 

Table i. uVer and senun a-tocopherol concentrations of poults fed different leuel.S. of vitamin 
E (Soto-Salario00.. 1003}. - . 

UVer a-tocopherol (µg/g) serum a-tocopherol (µg/g) 

Daysofage· 12IUVitE/kg lOOIUVitE/kg : 12 IU Vit E/kg 100 IU Vit E/kg· 

Vitamin E has considerable influence on immune fu~ctl~n. Supplemental dietary vitarili~ E 
enhances avian humoral lTengerdy and Brown. 1977; Tengerdy et al., 1972; Maurice et al .. 1993) 
and macrophage phagocytic functions lTengei:-dy and Brown, 1977) as compared to functions seen 
with "normal" basal levels of vitamin E. These effects are distinct from those observed with 
antioxidant feed additives lTengerdy et al .. 1973). Vitamin E supplementation improves host,ii, 
resistance to disease challenge in chickens (Heinzerling et al .. 197 4; Comago, 1984; Tengerdy and 
Brown, 1977; Tengerdy and Nockels. 1975) and turkeys (Xu et al., 1989).' In tur~eys fed 0, 100,,or 
300 IU/kg of supplemental vitamin E and inoculated with E. coU. mortality was decreased by 100 -
and 300 IU/kg level. and HA titers were increased by 300 IU/kg level (Julseth. D.R.. M. S. Thesis. 
Colorado State University, 1974). · · 

Vitamin E also affects meat quality and shelf life. Bartov and Bornstein ( 1977) indicated that more 
than 60 mg/kg of supplemental a-tocopherol acetate in the.diet .of broilers was needed when the 
diet contained 8% acidulated soybean soapstock (fatty acids). Marusich et al. (1975) studied the 
effects of total dietary vitamin E (50, 150, 250; and 450 IU/kg) fed to turkeys for only the last 1. 2, 
3, or 4 weeks before slaughter. The level and type of dietary fat was not specified. Tissue vitamin E 
increased continually (each week) as the level of dietary vitamin E increased until the fourth week 
of the eicperiment .. Short term feeding of excess vitamin E did not increase muscle vitamin E as 
effectively as 2, 3, or 4 weeks. Breast muscle TBA values were inversely related to muscle vitamin 
E. Supplementation of200 IU vitamin E/kg of feed for 4 weeks or 400 iU/kg for 3 weeks produced 
optimal reduction in muscle TBA values. Meat flavor char~cteristics or muscle quality was not 
evaluated by Marusich et al. (1975). Using turkeys fed a commercial type corn-soy diet with 6.7% 
supplemental poultry fat, Sheldon (1984) studied the effects of 1.63, 55, and 275 IU vitamin E/kg 
feed during the last l to 3 weeks before market at 19 weeks of age. As observed in previous 
studies, the level of tissue vitamin E increased as the level of dietary vitamin E increased. Tissue 
vitamin E levels and TBA values were significantly correlated with the relative headspace volatile 
concentrations from heated turkey meat composites. The best protection against oxidative rancidity 
was provided by 275 IU vitamin E/kg feed for 1 or 3 weeks before slaughter. These studies 
indicate that turkeys seem to requite much more vitamin E than broiler chickens. which may be 
related to poor ability to absorb vi~ E. · _ ,-

Recently, I conducted an experiment to determine the :effect :of increased dietary levels of vitamin E 
on the performance, immune function, carcass yield. and meat quality of commercial market turkey 
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toms. Nicholas turkey' toms were Jed a commercial-type feeding program in which the diets 
contained Vitamin E levels that corresponded to NRC (1984) recommendations, and 5, 10. and 25 
times NRC (1984) Vitamin E recommendations. Two other treatment groups were raised on diets 
containing the NRC (1984) recommended level ofvltamiil E until 15 and 16 weeks of age. 
respectively, and then fed supplemental Vitamin Eat a level.of 20 times NRC through to 18 weeks 
of age. This feeding of high Vitamin E (200 IU/kg) during the last 2 and 3 weeks before market was,,_ 
done to evaluate the effect of excess Vitamin E on breast meat quality and changes in flavor 
characteristics during storage. 

All the toms were raised according to standard commercial practices in a 48-pen curtain-sided 
facility. Each pen contained a tube feeder and plaisson water to proVide feed and water ad Ubitwn. .·. 
Each treatment was assigned to 6 replicate pens containing 18 birds with a stocking density of 4 
sq. ft./bird. At one day of age, the birds were placed in the pens containing used litter without new 
shavings.placed on top. This use l~tter was from:a previous flock that was challenged with E. 
adenoid.es, E. gallapovanis, E. meleagramitis. Therefore, the poults received a natural challenge of 
coccldia and other microbes upon placement. The coccidiostat, Cohan, was not included in the 
prestarter fo~d to fadiitate the coccidia challenge. At 4 weeks of age, composite fecal samples from 
8 pens (ont; replicate pen from each treatment group) were found to be positive for coccidia by fecal 
flotation. · · · · · 

Body weight ·and feed consumption data were recorded when the toms were 2, 4. 8, 12, 16, and 18 
weeks of age. Body weight was not significantly affected by dietary Vitamin E level. In contrast, 
feed conversion during the first 12 weeks improved linearly as the level of dietary vitamin 'E 
supplementation increased, but there were no significant Vitamin E level effects observed after 12 
weeks of age (Table 2). Vitamin E supplemented at or above the lOX NRClevel also marginally 
improvec!__ cu.._mulative feed conversion (P<. l) through to 18 weeks of age after adjustment for . 
mortality, but more significantly (P<.05) if adjustment for mortality was not made. 

,. 
Table 2. ·Effect of dietary vitamin E supplementation level on cumulative feed conversion of 
turkey toms. 1 

Dietary ViL E 
level 

NRC 
5XNRC 
lOXNRC 
25 XNRC· 

Linear (P-value) 

Vnd4Justed Feed/Gain 
0 - 12 weeks .. 0 - 18 weeks 

2.16 
2.09 
2.09 
2.04 
.02 

· .. 2.83 
·. 2.78 
2.70 
2.70 

.. :04 

A4/usted Feed/ Gain2 
• O 

- 12 weeks 0 - 18 weeks 

2.06· 
2.05 
2.01 
2.01 
.09 

. 2.7-1 
2.6.8 
2.6.0 
2.63 
.080 

1 Means are average of 6 replicate pens/treatment with about 16 toms/pen. 
2 Feed/gain adjusted for mortality · · 

The improvement in feed conversion by elevated dietary vitamin ·E level was mostly due to a 
reduction in morbidity and mortality. Although significant treatment effects on mortality were not 
detected, overall livability tended to be improved by supplementation of Vitamin E above the NRC 
recommended level. This improvement in livability is likely due to better disease resistance through 
enhancement of immune function. · 

Immune function is categorized into two components: humoral immunity and cell-mediated 
immunity. Both of these immune function components were influenced by the level of dietary 
vitamin E supplementation in our study. We tested the effect of vitamin E levels ofNRC. lOX NRC. 
and 25X NRC: the 5X NRC levE'.l of vitamin E was not evaluated because of limited capacity. Our 
results generally agree with other reports cited in the literature. 
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As a test of hurnoral immunity, a 3% suspension of Sheep Red Blood Cells (SRBC) in phosphate 
buffered saline was injected intravenously in poults at 7 and 21 days of age. Titers were then 
determined at 0, 7, and 14 days post injection. Anti-SRBC titer is an indicator ofT-cell dependent 

'• hurnoral immune function. The effect of vitamin E supplementation on antibody titer at 14 days 
post secondary immunization is shown on Table 2. There were no significant treatment effects on 
the production of total anti-SRBC antibodies through 14 days post primary immunization: but total 
anti-SRBC was significantly increased by the 25X NRC vitamin E level 14 days post secondary 
immunization. Total anti-SRBC titer is the combination of IgM and IgG classes of antibodies. The 
IgM class of antibodies at 14 post secondary immunization was depressed by the 10 X NRC level o( 

_ Vitamin E (120 IU/kg)). Conversely, the IgG class of antibodies was significantly enhanced at 14 
~ days post secondary SRBC immun~tion by the 25X NRC level .of Vitamin E (300 IU/kg). 

Table 3. Effect of dietary Su.pplemental vitamin E on total . IgM. and IgG anti-SRBC antibody 
production in poults 14 days after irnrnunization. 1 

. DietarY vUamin E . 
level 

NRC 
lOXNRC 
25XNRC 

Totaz Anti-sRBc. 

2.58b 
2.33b. 
2.363 

IgM anti-SRBC 

1.583 

l.18b 
1.2~ 

I Means are express as log2 averaged over 12 poults per treatment. 

igC anti-SRBC · 

a.b Means with different superscript letters within a column are significantly different · 
(P<.05). . . 

An increase in IgG antibody titer is good because IgG is a high affinity antibody with highe~antigen 
binding potential, thereby enhancing antigen clearance by cells such as macrophages. 
Supplementation of dietary Vitamin E in.excess of 100 IU/kg has stimulated the antibody response 
to SRBC in 1 to 2 week-old chicks rrengerdy et al .. 1972; Tengerdy and Nockels. 1973. 1975: and 
Heinzerling et al., 1974) and 18-day-old turkeys (Xu et al .. 1989). However. work by Marsh et al. 
(1980) demonstrated excess dietary Vitamin E may not influence antibody titers of older chicks (4 
weeks of age). Although the results did not conclusively identify the mechanism of humoral 
stimulation, Tanaka et al. (1979) demonstrated that excess Vitamin E stimulates helper T-cell 
activity. This increased helper T-cell activity seemed to.stimulate. immunity by facilitating IgM to 
IgG shift in antibody synthesis. The results of our experiment with turkeys suggests a similar 
mechanism. 
Surfeit dietary Vitamin E also enhanced cell-mediated immunity as indicated by enhanced 
macrophage function of turkey poults. Macrophages were recruited into the abdominal cavity and 
harvested 48 hours after Sephadex injection when the poults were 4 weeks of age. Substrate 
adherence potential of Sephadex-elicited abdominal exudate cells (primarily macrophage) increased 
linearly as the level of dietary Vitamin E increased even though the proportion of macrophage 
decreased linearly rrable 4). This decrease in the percentage of macrophage, along with an increase 
in adherence potential, suggests that excess Vitamin E increases the percentage of heterophils in 
inflammatory exudate. Moreover, the percentage of phagocytlc macrophage for IgG antibody-coated 
(opsonized) and uncoated SRBC increased linearly as the level of Vitamin E increased. However. 
dietary Vitamin E did not significantly affect the phagocytic potential of individual macrophage in 
terms of the number of internalized SRBC rrable 5). Enhanced macrophage function would be 
advantageous in terms of improved antigen uptake and clearance (Kidd et al., 1993). Tengerdy and 
Brown ( 1977) demonstrated that excess dietary Vitamin E increased the initial clearance ( 1 hour) of 
E. c0U from the bloodstream when the bacteria were inoculated intravenously. 

Table. 4. Incidence of ma.crophciges and adherence potenii.a.l of ~dominai exli.date cells 
isolated.from poults fed vitamin E supplemented diets. · 
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'Dietary Vitamin E Level No. r;1ass Adherenl L:eus 96 'Jflacrophages 

• 
NRC 227b 70.83 

· 

lOXNRC 270"1' 68.lab 
25XNRC 3023 64.6b 

a.b Means with different superscript letters within a column are significantly different (P<.05) 

) ,. 
Table 5. Phagocyti.c potential. of macrophages isolated.from poultsfed vitamin E 
supplemented diets. 

Dietary Vitamin 
.ELevel 

.NRC 
1

lOXNRC 
25XNRC 

% Phagocytic macrophages 
Ops SRBC Unops. SRBC 

80.4° 
85.5b 
88.ga 

l l.4b 
16.33 

16.13 

# sRBC/Phagocytic Macrophage 
Ops. SRBC Unops. SRBC 

.6.4 
. 6.3'" 

6.7 

a-c Means with different superscript letters within a column are significantly different. 
(P<.05). -

_·,. 

Although not fully understood. the basic mechanism by which excess dietary vitamin E enhances 
immune funcUon is by inhibiting the production of prostaglandin PG~. PGF2a, TXB2 , and 6 ktto F1a 

in select tissues (Lawrence et al. 1985). These authors postulated that Vitamin E maintains a - ._ 
reducing environment limiting the oxygenation of arachidonic acid to prostaglandin. Since ·· ,.,~ 
prostaglandin can suppress lymphocyte proliferation and regulate immune responses (Muscoplat et. 
al .... 1979: Pelus.and Strausser, 1977; Wan et al .. 1989), inhibition ofprostaglandin production by 
excess vitamin E could result in higher lymphocyte proliferation and- enhanced cell-mediated 
immune function. · · · · · 

Effect of vitamin E on PSE-like breast meat 

One of the rising concerns in turkey breast meat functionality is a condition similar to pale, soft, 
exudative (PSE) pork meat. This condition causes problems with the teXture, cohesiveness, and 
juiciness of processed turkey breast muscle. This PSE-like condition, which has been observed to 
affect as much as 40% of a market tom flock; is thought to be" related to anaerobic muscle 
metabolism and growth alterations in the musculoskeletal system (i.e. focal myopathy, and turkey 
gro:wing and preslaughter handling conditions) (Chere! et al., 1992: Sosnicki et al., 1988ab, 1989, 

1 199la,b; Sosnicki and Wilson, 1991, 1992). Histological observations by Dr. Ficken (NCSU CVM, 
. / Raleigh, NC) indicate that PSE-like breast meat has muscle fibrils rupturing out the muscle fiber 

bundles, which is unlike PSE in pork meat. PSE in turkeys seems to be related to poor cell 
membrane or collagen connective tissue integrity. Like pork PSE. this PSE-like problem in turkey 
breast meat is likely from stress-susceptible turkeys. · · 

Poor membrane integrity (thus PSE-like meat) in stress-susceptible turkeys could be ameliorated by 
surfeit dietary Vitamin E. Schanus et al. (1981) observed a deficiency of the antioxidant enzyme. 
GSH-peroxidase in stress-susceptible pigs. He postulated that PSE was consistent with an 
antioxidant disorder leading to oxidative damage of cell membranes. Both stress susceptible pigs 
and vitamin E deficient animals have elevated actiVities of pyruvate kinase and creatine kinase iri 
plasma and increased erythrocyte lysis due to free radical mediated damage to cell membranes · 
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(Duthie et al., 1987)~ With this in ·mind, we tried to ascertain from our experiment the effect of 
dietaiy vitamin E supplementation on the incidence and severity of PSE breast meat in turkeys. 

· Table 6. Effect of dietary vitamin E supplementation ori breast rrwscle mean color score and 
percentage color score distribution of 18 week-old turkey·toms. _ 

VitaminE ColOr score colOr score. % lnc~nce, 
level 1 2 3 

NRC 2.12c 27.3 .. 33.3 39.4 0. 
5XNRC 2.36bc 27.3 18.2 45.4 9.1 
lOXNRC 2.33bc 0 66.7 33.3 
25XNRC 2.78a 3.1 15.6' ·81.3 
20XNRC 2.6-F' 8.3 16.7. 75.0 
16-18 wks 
20XNRC 2.54ab 0 145.7 54.3 
15-18 wks 

a-c Means with different superscript letters within a column are significantly different 
(P<.05). 
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The incidence and severity of PSE-like breast meat from turkeys fed all the vitamin level treatments 
were evaluated by comparing the turkey meat to a color score scale developed to qualitatively 
evaluate PSE in pork. The scores used ranged from 1 (very pale like PSE meat) to 4 (dark like~dark. 
firm and dry meat). Color scores of 1 or 4 were associated poorer meat processing functionality 
than color scores of 2 and 3. The effect of level of dietary vitamin E supplementation in breast meat 
color score and score distribution is illustrated by Table 6. Mean color score increased as the level 
of dietary vitamin E increased. Moreover, a greater proportion of meat with a low color score was 
observed from birds fed the NRC and 5X NRC levels of vitamin ·Ethan from birds fed higher. levels of 
vitamin E. The incidence of pale meat decreased even when 200 IU vitamin E/kg was fed during 
the last 2 and 3 weeks before slaughter: the longer high dietary vitamin E was fed, the lower the 
incidence of very pale meat. These results suggest that surfeit dietaiy vitamin E may reduce the 
incidence of PSE-like breast meat in turkeys, even with high vitamin E (200 IU/kg) was fed three 
weeks before slaughter. More research needs to be con~ucted relating vitamin E supplementation 
level and PSE-like breast meat in turkeys. · · 

In summary, increased level of dietaiy vitamin E supplementation for turkeys is worthy of serious 
consideration. Based on the results of our research and others, 100 to 120 IU vitalnin E/kg feed is 
needed to enhance immune function and associated benefits. This level is 2 to 4 times the level 
typically used in commercial rations. so it adds considerably to feed costs. The greatest benefit of 
this high level of vitamin E supplementation for poults was observed during the first 8 weeks. 
Because of the small amount of feed consumed during this period relative to the whole production 
cycle, the added cost (about $2.00/ton) may be worth the investment. Additional vitamin E 
supplementation may be even more crucial in the near future when the selenium supplementation 
allowance is reduced from .3 ppm to .2 ppm and there is more pressure to use by-product meals 
and fats. High vitamin E supplementation throughout the production cycle is not cost effective. 
The cost/benefit relationship of feeding high vitamin E (200-300 IU /kg) for the last 3 weeks before 
slaughter requires more evaluation before we can safely recommend this practice. However. the 
associated benefits in meat processing functionality and improve product flavor stability may make 
this alternative cost effective. · 
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VITAMIN C SUPPLEMENT~TION 

Turkeys sylithestie vit:ailiin-C or a.Scorbic acid (AA) primarily ci~ the Jodneys from glucose (Roy and 
Guha, 1958). The amount of AA synthesized by the bird should be sufficient for normal growth and 
metabolism; however, there· is evidence that AA synthesis may not meet physiological ·needs under : 
stressful conditions (Lyle and Moreng, 1968; Freeman, 1971: Hornig et al., 1984): Stress causes a-' 
depletion of Mat a faster rate than the bird's natural capability to synthesize this vitamin (Pardue, 
and Thaxton, 1986). The ability of poultry to synthesize Mand the amount needed or used 
changes wtth:age, management, environment. disease, and stress, Pardue (1990) reported that 
serum AP,. concentration in poults.increased 170% from hatch" to 49 days of age. 

' ._,. . . . . . 
Ascorbic acid's potentiaI to reduce the detrimental effects of stress is associated with its influence 
on adrenal function. The adrenal gland synthesizes and.releases glucocorticoids and other 
corticosteroid hormones (stress hormones) into th~circulation in response to stress. The adrenal 
gland contains a higher.concentration of AA than any other tissue.(Pardue and Thaxton, 1986). . 
sugg~stlng that AA is involved in some role of modulating steroidogenesis. Ascorbic acid. is 
associated with inhibitory mechanisms that provide a biological "brake" on corticosteroid hormone 
synthesis (Kitabchi. 1967). Pardue (1990) reported that plasma AA levels in poults were depressed 
significantly by cold stress, beak trinlming, and injection-at ·l and 14 days of age. This depression 
in plasma AA levels was minimized by post-hatch su}:>eutaneous injection of 1500 pg AA/poult, or 
250 ppm ascorbyl phosphate (AP) in drinking water. More9ver. AP administration in drinking water 
enhanced early growth in the poult. The anit~stress properties of AA are thought to occur becau$_e 
AA serves as a regulator of the synthesis and release of _stress hormones_, and protects tissqes fr.om 
their cytot_oxic:; effect through its role as an antioxidant. 

Ascorbic acid supplementation during stre8s supports immu~e- function. thus reducing dis~e · · 
susceptibility rrable 7). Mccorkle et al. (1980) concluded that AA supplementation at 1000 ppm in 
the diet modulates B-lymphocytes, but not T-lymphocytes. Pardue and Thaxton (1986) observed 
that AA supplementation at 1000 ppm not only ameliorated the immunosuppression caused by 
cortisol. but it also significantly increased antibody titers to both sheep red blood cells, a T- -loo 

lymphocyte dependent antigen. Ascorbic acid supplementation also reduced immunosuppression 
due to heat stress (Pardue et al .. 1985). These authors concluded that AA supplementation limits,:;-:. 
lymphocytotoxic effects associated with glucocorticoids. or it protects immunobiological tissues 
from steroid insult. 

Table 7. Some effects of ascorbic acid on the cells of the imnwne system (Kolb. 1990). 

Macrophages 

Neutrophilsi' 

T ..:Lymphocytes 
B-Lymphocytes 

Stimulation of phagocytosis and decomposition of pathogen bacteria 
and viruses. Increased synthesis of complement factors. 
Increase of chemotaxis. migration, phagocytosis, and antibacterial 
activity. 1 , ' • • 

Stimulation of multiplication and activity . Synthesis of interleukins 
Stimulation of multiplication, formation of plasma cells. and synthesis 
of immunoglobuliils'. ·, · · -· · · -

Ascorbic acid helps stressed poultzy matntain biological status of important minerals. Sullivan and 
Kingan (1962)obser'Ved that AA supplementation was beneficial when heris were fedlimited 
calcium. Ascorbic acid supplementation was found to promote mineral mobilization form bone 
rrhomton, 1970) and increase plasma calcium (Sifri et al .. 1977). Potassium balance in heat
stressed birds also declined 35% in control broilers after heat stress: whereas plasma potassium 
levels declined only 6% in broilers fed 1000 ppm AA in the diet (Pardue et al., 1985). Potassium is 
an intracellular cation that "leaks" out of the cell during physiological stress (Randall, 1980). The.· 
antioxidant property of AA may help minimize cellular disruption.during stress, thus minimizing 
potassium "leakiige" from the cell as occurs with the PSE-like condition. Vitamin C is necessary to 
regenerate vitaIIlin E after it is consumed when free radicals are quenched. Moreover, AA may· 
reduce potassium losses associated with thermally-induced diarrhea. 
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Vitamin C is also necessary for bone developrrient. It is a cofactor for .. key enzY'mes .involved in 
procollagen formation. It is required for the conversion of peptiqe-bound proline and lysine into 
their hydToxy fonns. a major prerequisite for collagen protein synthesis. Cross-link formation of 
collagen fibers in cartilage and bone depends on lysyl oXidase activity, an enzyme that requires ·,, 
vitamin B6 as a cofactor. Functional bones are then developed by filling the spaces of the collagen. 
matrix with calcium, phosphorus. magnesium and other minerals. This mineralization is regulated 
by vitamin 0 3 metabolites. Vitamin C is a necessary cofactor for the bioconversion of vitamin 0 3 to· 
its active form, l,25(0I-ihD3 • Weiser et al. (1990) reported that 100 pprnAA in the diet of chicks 
increased plasma concentrations of l ,25(0H)2D3 • which led to elevated activities of duodenal . 
calcium-binding protein and greater weights and beaking strength of bones. It is possible that the 
~y cases of "field rickets" in poults may b~ due to a stress-induced deficiency of vitamin C. 

Supplementation of AA to the rations of hirkey breeders is also advantageous. Semen volume and . 
sperm concentration ofturkey toms were found to be iricreased by 28% by the supplementation of 
150 ppm AA to the breeder ration (Qobre5cu, i987). Broiler breeaer hens fed rations containing , 
100 ppm AA during mild summertime stress were found to have increased egg production. percent 
hatch of fertile eggs. and number of chicks per hen (Peebles and Brake. 1985). 

In sumnlary. vitamin E and vitamin C beneficial to sustain the health of turkeys during stressful 
conditions. In the field. there are many situations that are sufficiently stressful to affect health. 
growth performance, and meat quality. Adverse stress is most likely to occur during the brooding 
phase of turkey production. This, coupled with the poult'.s liinited ability to absorb vitamin E or 
synthesize vitamin C. indicates that the poult is very likely to respond favorably to vitamin E and 
vitamin C supplementation. I recommend that turkey polilts be fed at least '100 IU vitamin E/kg 
and 150 ppm vitamin C during the first 4 weeks after hatch. If PSE breast meat is a concern. . 
supplementation of finishing diets with 200 IU vitamin. E/kg arid 250 p.pm vitamin C may be 
considered. Finally. turkey breeders could benefit from vitamin E and vitamin ,c supplementation. 
Turkey breeder hens supplemented with 100 JU vitamin E/kg'may maximize vitamin E passed into 
the egg. thus giving the poult with additional vitamin E during the first critical days post hatM. 
Supplementation of 150 ppm vitamin C in the diet of turkey breeder toms will benefit maximum 
sperm volume and sperm count. Use of these vitamins deserve attention whenever turkeys are : 
subjected to stressful conditions. · 
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IMPORTANCE OF THE ANTIOXIDANT VITAMINS IN SWINE NUTRITION 
-- APPLICATION OF PRINCIPLES 

INTRODUCTION 

Donald C. Mahan 
Animal Sciences Department 

The Ohio State University 
_ Columbus, Ohio 43210 

Within the past decade, the role of the antioxidants (vitamins and minerals) have received an 
increasing amount of emphasis in both animal and human nutrition. Bod,y tissues generate reactive 
molecules (i.e., tenhed free-radicals) from normal endogenous metabolic reactions and exogenous 

. sources. Tissue defense mechanisms against free-radical damage generally includes vitamin C 
(ascorbic acid)~ vitamin E (tQcopherol), and 8-carotene as the major vitamin antioxidant sources. In . 
addition, several metalloenzymes which includes glutathione peroxidase (Se), catalase (Fe), and 
superoxiqe ,disniutase (Cu, Zn, Mn) are also critical in protecting the internal cellular constituents from 
oxidative damage. The dietary and tissue balance of all these nutrients are important in protecting 
tissue against free-radical damage. The relative location of the cellular antioxidant systems (vitamins 
and minerals) is presented in Figure 1 with the antioxidant role of each nutrient presented in Table 1 
(Machlin and Bendich, 1987). Although B-carotene is in the biological model, the role th.it it has in 
the pig is largely unknown since dietary carotenoids of which 8-carotene is the most biologically 
active, are not absorbed intact nor are they present in the circulatory system of swine. It is also to be 
noted that the 'relationships in Figure 1 are intracellular and thus free-radicals reactions in the 
extracellular environment must be inactivated by the circulatory antioxidants in combination with the 
antioXidant activity of ceruloplasmin (Cu). Consequently, the optimum circulatory level of ascorbi,c 
acid and tocopherol, may play a role in preventing extracellular free radical damage. · --,.,-:. 

During those periods where free radical production might be high (e.g:, disea5e insult) and" when trus 
occurs in conjunction with a lower exogenous supply of the essential antioxidants (e.g., redu_c;~d feed 
intake, weaning), resulting tissue damage and(or) pig deaths might occµr. The dietary and(or) . 
circulatory levels of these nutrients may frequently· be below desirable concentrations and· could 
catalyze the deficiency onset Consequently, the NRC publications de_aling with various animal species 
addressing their nutrient needs may generally reflect reasonabJy accurate nutritional requirements, but 

- upon the imposition of one or more stress conditions which might occur during normal production 
practices, the needs for these antioxidant vitamins might be temporarily higher. A review of the role 
of these antioxidants and their intracellular mechanism of action has. been published (Mach).in and 
Bendich, 1987; Halliwell, 1988). This paper will review the role of the antioxidants by th~ various 
production phases of the pig, generally under normal production conditions, but looking specifically at 
production phases where the antioxidant vitamin source might be more critical. · 

NEONATAL AND NURSING PIGS 

The fetal or neonatal pig does not have the ability to synthesize ascorbic acid, but there is placental 
transfer of the vitamin to the developing fetus. Upon pirth there has been demonstrated a marked 
decline in neonatal serum and tissue (except'liver) ascorbate concentration which has been attributed to 
maternal hypoxia at parturition_and the resulting stress .on the neonate (Brown, 1984). Colostrum and 
milk have high vitamin C contents, averaging 23.3 and ~0.6 mg/100 mL, respectively (Lucas and 
Lodge, 1961; Bowland et al. 1949), but even with this exogenous source, the neonatal and nursing 
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pigs have a lower seiuin ascorbate level than prior to birth (Wegger and Palludan, 1984). Serum 
ascorbate concentrations in the nursing piglet are,. however, higher than at maturity, undoubtedly 
reflecting the relatively large amount of ascorbate provided from the maternal milk supply (Wegger 
and Palludan, 1984). 

Upon Fe administration, it has been shown that there is an increased turnover of ascorbate (Lynch and 
Cook, 1980). This implies that if one of several factors cause the reduction in the synthesis of 
ascorbic acid or if the milk supply is low, the pig might respond to an exogenous source. Although 
ascorbic acid reportedly is synthesized in response to an available glucose supply, the need for free 
glucose by the pig may have a higher priority than ascorbic acid synthesis (Brown, 1984) .. 

In contrast to ascorbic acid, there is very little placental transfer of tocopherol, resulting in a low tissue 
cx-tocopherol content in the neonate (Mahan, 1991). Consequently,. the 011.ly source of cx-tocopherol for 
the pig is through mammary secretions ~d subsequent milk consumption. The _low neonatal tissue 
concentrations of tocopherol places the neonatal pig in a very poor antioxidant status against free
radical damage. This is coupled with the fact that because the neonatal. pig has a relatively low Fe 
reserve, it must be administered a fairly large dosage (100 to 200 mg) of Fe postnatally. 
Consequently, there is a potential for free-radical tissue damage in the neonate .. This has indeed been 
demonstrated by Scandinavian workers that when neonatal pigs were extremely deficient in Se and 
vitamin E that the administration of Fe resulted in pig death (Lannek et al., 1962). -Loudenslager et al. 
(1986) has demonstrated that Fe administration to the 2-day~old pig can exacerbate the <l!ltioxidant 
status of the young pig. In their study serum tocopherol levels were lowered when an exogenous iron 
supply (200 mg) was administered (Table 2). . 1 · 

The amount of cx-tocopherol in· the colostrum consumed by the neonatal pig and in the later milks are 
dependent upon the amount supplied in the diet of the gestating and lactating sow (Mahan, 1991). If 
the diet is low or if the sow has a low body tocopherol status, colostrum tocopherol is subsequently 
lowered. Consequently, colostrum cx-tocopherol levels are critical in supplying the needs of the young 
neonatal pig. Higher pig serum and tissue tocopherol levels result in the nursing pig at the time of 
weaning when sows are fed higher dietary vitamin E levels. Because serum tocopherol is lowered 
upon weaning, the higher blood and tissue concentrations achieved while nursing the dam would serve 
in preventing the deficiency onset postweaning (Mahan and Moxon, 1980). 

It would appear from the available information that the best way to provide the neonatal and nursing 
pig with a source of the antioxidant vitamins is through the proper nutrition of the sow. The sow 
synthesizes and transfers ascorbic acid to the fetus and mammary tissue, and if provided an adequate 
dietary level of vitamin E, both nutrients will be effectively passed into colostrum and milk. Low dam 
tissue reverses of cx-tocopherol and situations resulting in low synthesis of L ascorbic acid by the sow 
may hinder the neonatal and nursing pig. 

WEANING 

Upon weaning, the conditions for free radical damage are perhaps the second most critical phase of the 
pig's life. Pigs are currently being weaned early, have a fast growth rate immediately upon weaning 
(because of higher digestible feedstuffs), muscle accretion and metabolic activity is rapidly increasing, 
and a large number of stresses are being placed upon the pigs simultaneously (movement to move 
facilities, diarrhea, crowded conditions, etc.). Collectively, these conditions are conducive for an 
increased need for the antioxidant system to be operating optimally. It is during this period that the 
dietary and metabolic need for the antioxidant vitamins and minerals is perhaps highest. 
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There is a decline upon weaning in serum ascorbic acid (Yen.·and Pond, 1981, 1983; Mahan and Saif, 
1983) and vitamin E (Mahan and Moxon, 1980; Meyer et al., 1981). Although the pig can synthesize 
ascorbic acid at this age, Wegger and Palludan (1984) suggests that liver ascorbate synthesis may not 
be at capacity until approximately 8 weeks of age. In some, but not all studies, a beneficial growth; 
response is CODll!lOn for at least a few weeks postweaning when vitamin C is supplemented in the diet · 
of the weanling pig (Table 3). Although the performance responses to vitamin C ·supplementation . 
during the initial period postweaning are variable (Yen and Pond, 1981; Mahan and Saif, 1983; NCR-
89, 1989; Mahan et al. 1991, 1994), this period seems to be the period where more positive benefits . 
are reported with the young pig. This suggests that the demand for ascorbic acid during the immediate 
postweaning period may exceed the ability of the pig to synthesize the vitamin at least under some 
situations. 

Supplementing the pig's diet with ascorbic acid has resulted in increased blood ascorbate levels (Yen 
and Pond, 1981, 1983; Mahan and Saif, 1983; Mahan et al., 1994). Although the mode of action of 
this vitamin for thi~ time period is unclear, vitamin C has been shown to enhance Cu and Fe 
absorption from the intestinal tract, serves in regenerating the H ion to reduced tocopherol, and is 
involved by its antioxidant role in the synthesis of the various enzymes, steroids, and body tissue (e.g., 
camitine, collagen) .. Because of the water soluble characteristics of this vitamin and its antioxidant
activity, vitamin C may, in fact, have a higher functionality during the postweaning period than later in 
both extracellular and intracellular systems. Although Tappel (1968) suggested that because of the H 
donor function of vitamin C toward vitamin E, that both vitamins act synergistically, yet Yen and 
Pond (1981) found no interaction effect. .-

Because free vitamin C is easily oxidized once exposed to oxidizing agents, it must be stabilized when 
added to the diet. Most of the early trials used L-ascorbic acid at relatively high concentrations (i.e., > 
300 ppm). The low stability of L-ascorbate may be one reason for the inconsistent responses in..,.the 
experiments conducted. A stabilized product complexed with phosphate and Mg has been shown tQ 
withstand pelleting and other storage factors. A 50 ppm level of the stabilized product has resulted 'in"-:. 
improved growth responses with weaned pigs (Table 3). 

Because muscle accretion increases rapidly during the postweaning period, the structural form of the 
cellular lipoprotein. membrane may be compromised in relation to antioxidant protection, particularly in 
regards to a-tocopherol and Se. The a-tocopherol is a component of the lipid bilayer of the cellular 
membrane (Surface and intracellular membranes), whereas Se is in the cytosol. Although B-carotene is 
an effective antioxidant and is found in the lipid bilayer of cellular membranes (Figure 1), this 
provitamin is not absorbed by the pig and is readily converted to vitamin A in the intestinal mucosa. "'' 
Vitamin A has a limited capacity to prevent free-radical damage. It has been suggested that B-carotene 
is perhaps one of the most potent singlet oxygen quenchers (Table 1), but B-carotene research 
conducted with the young pig is limited. 

The amount of research conducted with the weaned pig regarding vitamin E levels and the different 
forms of this vitamin has, however, been more extensively investigated. Although serum vitamin E 
declines during the immediate period postweaning, supplementing a com-soybean meal diet with dl-a- · 
tocopheryl acetate with 20 or 40 IU/kg did not result in increased serum tocopherol concentration for 
at least a two-week period postweaning (Meyer et al.,1981). This is beyond the effective time when 
the vitamin E-selenium deficiency onset occurs in weanling pigs. This suggests that this avenue of 
administration may not be completely effective. We have found that the injection of a vitamin E/Se 
source is essential for the prevention of the deficiency in the weaned pig even when dl-a-tocoph~ryl 
acetate is supplemented in the diet The d-a-tocopherol source of vitamin E activity (alcohol fonn) 
appeared to be absorbed better than the dl-a-tocopheryl acetate source (esterified fonn) which has been 
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attributed to the low intestinal cleavage of the acetate moiety from the this vitamin E fOJlJl (Chung et , -
al, 1992). Recent research where the acetate esters of d-cx-tocopherol or dl-cx-tocopherol were fed on ' 
an equal IU basis resulted in higher serum cx-tocopherol values· when d-cx-tocopheryl acetate was fed , 
(Figure 2; Mahan, unpublished. data). This suggests that the natural-derived fonn may have more 
activity per IU unit and(or) the IU conversion may not be the same for the pig as for the rat where ~e 
conversion units for the tocopherols were established (Douglas et al., 1994). This is in contrast to 
research reported by Weaver et al. (1989) where bloM plasma levels of cx-tocopherol were compared . 
in newly-weaned pigs 21-30 days of age fed various fonns of vitamin E. There were no difference in. 
plasma cx-tocopherol concentration between the d- and dl-cx-tocopheryl acetate sources tested. Also 
Chung and Ewan (1992) reported no difference in blood serum cx-tocopherol concentration in weanling 
pigs fed 50 IU vitamin E/kg diet as either d- or dl-cx-to_copheryl acetate. Additionally, these authors · 
indicated average daily gain, feed per gain and average daily feed intake were not affected by vitamin 
E or the source of vitamin E supplement over the eight week experimental period. These studies 
validate the presently accepted bioactivities for these vitamin E sources in the weanling pig. Because 
the intestinal villi are also undergoing tremendous morphologic changes postweaning (Cera et al., 
1988), which would be exacerbated by intestinal disease, this condition may also contribute to the 
lowered hydrolysis of the acetate moiety from the vi~in E esters in the weaned pig. Hoppe (1991) 
has also demonstrated that pigs with' dianilea had a lower absorption of y-tocopherol. He suggested 
that diseased conditions in the intestinal tract, particularly prevalent during the postweaning period 
may interfere with the absorption of the dietary tocopherols. High dietary levels of vitamin A on the 
order of 6 to IO times NRC (1988) recommendation is commonly fortified in many swine ~eed 
premixes. High levels of vitamin A (retinyl-acetate) can lower vitamin E absorption (Hoppe et al., 
1992). We have demonstrated similar effects as presented in Figure 3 (Mahan, unpublished data). 
Consequently, there are many factors in the weaned pig which appear to influence cx-tocopherol 
utilization, the prevailing interference appears to be at the site of absorption. · 

GROWER-FINISHER · 

The role of the antioxidant vitamins during the grower-finisher phase of production largely ·reflects the 
need for tissue growth and a potentially higher requirement during period of stress (envirorunent and 
disease). Ascorbic acid is synthesized in the liver of pigs, but the affect of stressors may temporarily 
increase the pig's requirements beyond its capacity to synthesize the vitamin. Although positive 
growth responses to dietary vitamin C for grower-finisher swine have been reported (Mahan et al., 
1966), most studies have not demonstrated an improvement to supplemental ascorbic acid (Cromwell 
et al., 1970; Brown, 1984; Mahan et al., 1994). Consistent with this, our recent results (Mahan et al., 
1994) have demonstrated no beneficial growth response to vitamin C supplementation when grower 
pigs were stressed after allotment and pig fighting occurred (Table 4). There was also no growth or 
feed conversion response when the envirorunent temperature in an enclosed, complete confinement 
facility averaged 26°C (78°F) and humidity averaged 69%, nor was there a humoral antibody response 
to Salmonella typhinerium when graded levels of a stabilized fonn of vitamin C was provided. 

Muscle accretion increases at a rapid rate during the period from 20 to 75 kg body weight and the 
protection from free-radical damage from peroxide damage in the cell is dependent upon the 
antioxidant nutrients (vitamins and minerals). Although a lower incident of the vitamin E-selenium 
deficiency occurs at this age than with pigs during the postweaning period, it is frequently reported. 
The deficiency occurs most commonly during the grower-finisher period when the diet is composed of 
high moisture grains or when low supplemental levels of vitamin E are provided in the diet (Mahan, 
unpublished data). 
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The major role of vitamin E in grower-finisher swine is in its antioxidant activity role in the .. 
lipoprotein membrane layer of the cell'. Increasing levels of vitamin E provided ih the diet results in 
higher a-tocopherol content in the cellular membrane. The role of a-tocopherol in lung tissue is . , 
unknown. The effects of high pollution and gasses in complete confinement facilities and the 
subsequent benefits from this vitamin are unknown. When free-radicals fonn from intra or 
extracellular origin, a-tocopherol acts as a mechanism, preventing peroxide damage by contributing a 
H ion, thus· prey en ting the fonnation of free-radicals. Without this antioxidant protection, free-radicaI. 
tissue damage will occur and the cellular content will leak into the circulatory system, resulting in 
elevated levels of SGPT and SGOT, both indices used .to reflect cellular damage. 

REPRODUCTION. 

' With the advent of improved sow genotypes, the beneficial responses from the antioxidant vitamins 
recently obtained are some of the more interesting results which have occurred within the past decade. 
High production and the retention of such s6ws in the breeding herd for long periods must be the goal 
if the swine operation is to be profitable. 

8-carotene has long been considered to be solely the precursor (provitamin) for vitamin A, but has 
now been proposed as possibly having an independent role. in reproduction. Vitamin A is essential for 
reproduction, mainly through the maintenance and development of epithelial and other body tissues. 
and it is also involved in the secretion of specific uterine proteins which are necessary to l!laintain 
pregnancy (Chew, 1993). It is, however, the research of Brief and Chew (1985) which was later 
confinned by .Coffey et al.(1989) that the benefits of B-carotene on improved reproductive perfonnance 
have been recognized. Their research results demonstrate an improvement in the number of pigs born 
and a lowered embryonic mortality when B-carotene was injected compared to higher dietary levels of 
vitamin A or 8-carotene (Table 4). Because 8-carotene is converted to vitamin A in the intestin•al 
mucosa, no benefits were achieved when B-carotene was fed (Brief and Chew. 1985). Although 011.e 
of the recognized modes of interaction of B-carotene was a reduction in embryonic mortality, the · ·~ 
specific mechanism by which B-carotene exerts its action is not known. 

Although diets deficient in vit.alnin E have resulted in fetal death and resorption, the supplemental 
level of vitamin E necessary to prevent the above deficiency and to attain maximum reproduction 
perfonnance has been considered to be within 10 to 22 IU/kg (NRC, 1988; Pharazn et al., 1990). 
Previously when sows were housed in pastures, the green forages provided an ample supply of a
tocopherol. Consequently, an exogenous dietary source was not needed and generally was not added 

-to swine diets. Mutettika and Mahan (1993) demonstrated the relatively large transfer of a-tocopherol 
to the mammary tissue and into the milks when gilts were fed on pasture. Recent research has, 
however, demonstrated that under complete confinement conditions, not only is litter size increased 
when higher dietary levels of vitamin E are provided to gestating female swine in cereal grain-soybean 
meal diets, but reproductive disease conditions (e.g., MMA) are lowered (Whitehair et al., 1985; 
Mahan, 1991, 1994). Our current results suggest that a supplemental level of 44 to 66 IU vitamin E 
per kilogram diet when fed to high-producing sows resulted in maximum litter size. ·Feeding dietary 
vitamin E level of 44 to 66 IU also results in an increased concentration of cx-tocopherol in the 
colostrum and milk of sows (Table 5). The value of having high colostrum and milk a-tocopherol 
contents are of value to the neonate, nursing and weanling pig as discussed above. A recent report 
(Wuryastuti et al., 1993) suggests that dietary levels of vitamin E at 60 IU/kg and Se at .3 ppm were 
necessary to enhance the immunogenic capability of reproducing sows. 
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The role of ascorbic acid supplementation 10-the diets of reproducing sows is less promising. Yen and 
. Pond (1983) provided ascorbic acid to the diets (lg/day) during the latter part of gestation and through 
the first week postpartum. They found no improvement in reproductive or lactation performance. 

SUMMARY. 

The antioxidant vitamins (ascorbic acid, tocopherol, 8-carotene) are now being recognized more for 
their beneficial responses in swine production as their biological role is becoming more clearly 
defined. Although the pig can synthesize ascorbic acid by one week of age, the growth responses 
achieved during the initial weeks postweaning suggest that it should be added to at least the Phase I 
J>Ostweaning diet. Stabilized fonns of ascorbic acid are now available and can meet the pig's 
requirement at 50 ppm. Vitamin E does not transfer the placenta, but when fed to the gestating or 
lactating sow, colostrum and milk cx-tocopherol contents are elevated. Colostrwn cx-tocopherol is · 
essential for the neonate and milk cx-tocopherol better prepares the weaning pig for postweaning 
antioxidant challenges. Providing dietary levels of 44 to 66 IU dl-cx-tocopheryl acetate increases litter 
size, reduces the incidences of MMA, and enhances the sow immunogenic capacity. Intestinal 
absorption of tocopherol appears to be the limiting factor in the weaned pig.· 8:-carotene when injected 
(200 mg) into sows at weaning has been shown to lower the rate of embryonic mortality and 
subsequently results in an increased number of pigs born. The specific made of.action.for 8-carotene 
is presently unknown .. 

: 
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Table 1. Activity Role of Antioxidant Nutrients• 

Antioxidant micronutrients 

Nutrient 

Vrtamin C (ascorbic acid) 

Vitamin E (a-tocopherol) 

B-Carotene 

Zinc 

Selenium 

Copper 

Iron 

Manganese 

•source: Machlin and Bendich (1987). 

Activity 

Important water-soluble cytosolic chain-breaking 
antioxidant; reacts directly with superoxide, 
singlet oxygen; regenerates tocopherol from 
tocopheroxy radical 

Major membrane-bound, lipid-soluble chain
breaking antioxidant; reacts dir~ctly with 
superoxide, singlet oxygen 

Most potent singlet oxygen quencher, antioxidant 
properties, particularly at low oxygen pressure, 
lipid soluble 

Constituent of cytosolic superoxide dismutase 

Constituent of glutathione peroxidase 

Constituent of cytosolic superoxide.dismutase 
and ceruloplasmin 

Constituent of catalase 
-

Constituent of mitochondrial superoxide • 
dismutase 

;., J 

Table 2. Effect of Sow Vitamin E and Selenium Levels-and Iron Injection on. 
Plasma Antioxidant Status of Pigs · 

Sow diet 

PLASMA BASAL + E +Se 

a-TOCOPHEROL, µg/mL 
O - day .13 .27 
2 - day (O Fe) 2.45 5.22 
2 - day (200 mg Fe) 2.24 4.36 

GSH-Px, units/ml 
o - day .13 .18 
2 - day (O Fe) .17 .24 
2 - day (200 mg Fe) .19 .27 

Loudenslager et al. (1986). 
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Table 3. Etf ect of Dietary Vitamin C Level 
on -weanling Pig Performance 

Item 
'· 

ExperimB11t A•·' 

DaUy gain, g 
o to 2 wk. 
3 to 5 wk 

Experiment Ir 

Daily gain, g 
Oto 2·wk9 
3 to 5 wk 

Experiment C' 

Daily gain, g 
. Oto 2 wk 
3 to 5 wk -

__Q 

115 
215 

._Q 

199 
492 

0 

206 
495 

"Source: Yen and Pond (1981). 

Vitamin C provided as L-ascorbic acid. 

csource: Mahan et al. (1994). 

Treatments 

Vitamin C1 ggmb 

330' 660 

130 130 
252 . 249 

Vitamin C, ggmd 

50 500 

·220 216 
486 487 

Vitamin C, ggmb 

615 

205 
491 

'Vitamin C provided as magnesium-L-ascorbyl-2~phosphate. 

"Linear response (P < .05). 

1
Source: NCR-89 Committee (1989). 
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Table 4. Effect of Vitamin A and B-Carotene on Reproductive Performance in Female 
Swine 

Item 

Experiment A.., 

Embryonic mortality, % _ _ 
Pigs born live, 

no. 

Experiment Ir1 

Pigs born live, no.g 
Pigs born deadg 

•source: Brief and Chew {1985). 

bA total of 108 gilts were used. 

Basal 

29 
7.9c 

_Q 

10.1 
1.5 

=va1ues with different superscripts differ (P < .05). 

·source: Coffey and Britt {1989). 

Treatments 

Vitamin A or rs-Carotene (BC} 

Fed (A+BC) 

25 
a.r 

Injected 

14 
9.Sd 

B-Carotene (injected mg/d) 

50 

10.7 
.8 

100 

10.8 
1.1 

•· 

• 

200 

11.4 
.9 

'A total of 680 primaparous and multiparous sows were injected with the treatment dosage 
at weaning. ~ • _ 

gUnear response (P < .05). 
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Table 5 .. Effect of Dietary Vitamin E .on Sow Reproductive Performance · 

Item Treatments 

Vitamin E (IULkg) 

Experiment A• 

Total pigs/litter, no. , -
Stillbirths/litter, no .. 

Colostrum a-tocopherol 
Milk o-tocopherol 

Experiment 8"4 

Total pigs/litter, no.e. 
Stillbirths/litter, no. 

-Source: Mahan (1991 ). 

_o_ 

9.8 
.4 

2.72 
.44 

22 

11.9 
.4 

_!§_ 

10.9 
.3 

4.34 
.n 

44 

12.0 
.3 

bA total of 60 gilts and sows were ~valuated over a 3-parity period .. 

<Source: Mahan (1994). 

d A total of 96 gilts and sows were evaluated over a 5-parity period. 
. ' . ' -

eunear response (P < .01). 

~ __§§_ 

11.2 10.0 
.2 .2 

7.75 7.01 
1.29 1.67 

Vitamin E (IU Lkg) 

66 

'12.3 
.. 6 

.: 
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Figure 1 

Vitamin E + 

/]-carotene 

Source: Machlin and Bendich (1987). 
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MEAT QUALITY PROBLEMS- POSSIBLE ROLE OF ANTIOXIDANT VITAMINS .. 

INTRODUCTION 

Dr.- Cameron Faustman 
Dr. Wendy Chan 

Department of Animal Sciences 
University of Connecticut 
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Muscle-based- foods -(meat) are ~obtained from a variety· of animal species including cattle, pigs, lambs, 
veal calves, poultry and fish. Many of the postmortem biochemical reactions which lead to 'quality' 
degradation in muscle-based foods from these species are similar. Quality of any food is determined 
by sensory proj>erties, especially appearance and flavor. In general, optimal sensory quality is lost 
during storage/retail display and/or processing to a point where consumers refuse _to purchase. 
Unfortunately, loss of sensory appeal does not mean loss of nutrient value._ Thus, any procedure 
which extends the sensory _shelf-life of muscle-based foods will not only have substantial economic 
impact, but will also minimize waste of a valuable nutrient source. Faustman (1993) recel)tly 
published an extensive review of dietary supplementation strategies for improving meat quality. 

Color and Flavor of Meat 

The color of meat is due to the water-soluble heme protein, myoglobin. Myoglobin can exist i~ a 
ferrous .oxygenated form·as cherry-red oxymyoglobin, or in a ferric oxidized form as brownish-req,_ 
metmyoglobin~ OxY111yoglobin is the pigment which consumers associate with ideal fresh meat color: 
During storage and retail display, oxidation to metmyoglobin occurs. This process is responsible for 
discoloration .of fresh meat and is viewed as undesirable by consumers and retailers. 

Muscles obtained from within the same carcass can differ substantially in color stabili_ty. For example, 
the longissimus muscle. (beef strip loin steak) has a color shelf-life of ca. 6 days, while psoas muscle 
(filet mignon steak) has a color shelf-life of only 2 days (O'Keefe and Hood, 1982). Strategies for 
maintaining a fresh desirable appearance in meat must be aimed. at minimizing/slowing the oxidation 

· of oxymyoglobin to metmyoglobin. 

The. flavor of meat is also: critical to an asses·sment of overall quality. Many of the mosnignificaht 
flavor problems occur in pre-cooked products. Off-flavors develop and are often referred to as 
warmed-over flavor (WOF). The occurrence of WOF in meats has gained renewed attention with 
recent ·emphasis on the development of pre-cooked microwave-ready meals. Briefly, WOF occurs as a 
result of metal ion (e.g. iron) liberation from meat proteins during .the initial pre-cooking step. 
Subsequent storage arid reheating provides_ ideal conditionS for lipid oxidation to occur, a process 
catalyzed by .the presence of 'free' metal ions. The oxidation of fatty acids primarily in the 
phospholipid membrane portion of meats leads to production of undesirable flavors (Pearson et al., 
1977). Inhibition of lipid oxidation delays the development of flavor problems. 

Antioxidant vitamins provide a potential means for delaying processes which expedite color and flavor 
deterioration in muscle-based foods (Faustman, 1993). Strategies have been developed which utilize 
both exogenous and endogenou~ approaches. For the purposes of this presentation, exogenous refers 
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to the purposeful addition o(ari antioxidant as a functiohal ingredient,.while an·endogenous approach 
involves the dietary supplementation of the meat-producing animal with the antioxidant(s) of choice. 
The latter strategy is advantageous in that the animal is allowed to position the nutrient where it will 
be most efficacious -(Mitsumoto et al., 1993). Those antioxidant vitamins which appear to hold the 
greatest promise for improving quality of muscle-based foods are vitamins E and C, and carotenoids. 

VITAMIN E '; 

.. _ ... 

Vitamin E in Muscle-Based Foods 
v 

Vitamin E, or tocopherol, is a lipid-soluble antioxidant located in membranes of animal tissues. The 
concentration of a-tocopherol within the animal's body is tissue-dependent with adrenals and liver 
demonstrating the greatest accumulation, and muscle and adipose the lowest concentrations. Muscles 
from within the same carcass will differ in their concentration of a-tocopherol. Those composed of 
predominantly red fibers generally have higher concentrations of a-toeopherol than those of mostly 
white fibers (Yamauchi et al., 1977). · L '., 

- :~ ,-

The overall concentration of a-tocopherol in muscle increases with length of supplementation 
(Faustman, 1993). Supplemental a-tocopherol is not distributed within muscle cells in a pattern 
different from that provided. in the basal diet (Arnold et al., 1993a; Asghar et al., 1989). 

Vitamin E Supplementation Improves Meat Color. Stability · · : 1 
•• 

Beef and pork obtained from animals supplemented with a-tocopheryl acetate discolors more slowly 
than meat from non-supplemented animals (Faustman et al., l 989ab; Asghar et al., 1989; Arnold et 

ii> 
al., 1992; Lanari et al., 1993): An example of the.vitamin E effect on· beef color stability is provided 
in Figure. l. The presenee ·of higher concentrations of a-tocopherol within meat from supplemen~ed 
animals appears to delay the oxidation of oxymyoglobin. !tis important to note that the concent.rall'on 
of a-toeopherol is only one factor which affects color stability of meat.: Its effect is readily observed 
when the same muscle from· different carcasses are compared but not necessarily when muscles from · 
within the same carcass are compared. For example, gluteus medius is less color-stable than 
longissimus but generally contains a higher concentration of a-tocopherol (Arnold et al., 1993b). 

. . 

Interestingly, the oxidation oflipids and myoglobin in meat appear· related with an increase ·in one 
causing a concomitant increase in the other (Greene, 1969; Govindarajan et al., 1977; Faustman et al., 
1989b). The mechanism by which vitamin E improves myoglobin stability in muscle-based foods has 
been investigated in our laboratory (Yin et al., 1993; Yin and Faustman, 1994). Yin and Faustman 
(1993) used in-vitro models to demonstrate that oxymyoglobin oxidizes faster as degree ·of fatty. acid 
unsaturation and chain length in phospholipids increases, The addition ·of a-tocopherol to liposome 
myoglobin models delayed pigment oxidation in a concentration~dependent manner (Yin et al., 1993). 
Yin et al. (1993) hypothesized that lipid oxidation generates breakdown products (e.g. peroxides) of 
increased water solubility· and that these in tum facjlitate the oxidation of oxymyoglobin in the cytosol. 
Schaefer et al. (1994) have provided a model ·of proposed interactions between lipid; myoglobin and 
antioxidant vitamins. · 

- , ~. -r 

_.. ' . , ' 

..... ~ ::- ' . ', 

'-·· 

58 



Vitamin E Supplementation Improves Meat Lipid Stability 

The supplementation of meat-producing animals with vitamin E has been shown to reduce lipid . 
oxidation .in a variety of species (Table 1). Alpha-tocopherol is normally located in close proximity to 
unsaturated fatty acids. As these fatty acids oxidize, they produce a variety of unstable chemical 
intermediates which are prooxidative. Thus, once lipid oxidation has been initiated, it proceeds rapidly 
in a chain-reaction sequence. Alpha-tocopherol interrupts this sequence and effectively quenches the 
prooxidant lipid .breakdown products. However, in exerting its protective role, a-tocopherol is 
consiimed. Thus, the. higher the concentration of a.-tocopherol in a food, the greater is the antioxidant 
capacity. Liu et al. (1994) recently reported that the protective effect of vitamin E extended to 
protection against lipid oxidation in cooked beef. · 

A change in the fatty acid profile of muscle-based foods has been advocated with a specific 
recommendation to increase the relative concentration of polyunsaturated fatty acids present (National 
Research Council, 1988). However, unsaturated fatty acids are more susceptible to oxidation and 
develop~ent of rancid flavors than saturated fatty acids. While meat with an altered fatty acid profile 
was obtained from monogastric species following dietary manipulation, the stability of lipids was 
reduced (Ashgar et al., 1990; Monahan et al., 1992b; Ajuyah et al., 1993). Supplementation of animal 
diets rich in unsaturated fatty acids with a-tocopheryl acetate was an effective means for stabilizing 
lipids of .pork (Monahan et al., 1992b) poultry (Ajuyah et al., 1993) and salmon (Pozo et al., 1988). 

·' 
Cholesterol represents a class of lipid also found in meat products. Its oxidation products are 
potentially harmful and may result from the processing of muscle-based foods (Rankin and Pike, 
1993). Monahan et al. (1992a) reported that cooked pork from vitamin E-supplemented pigs 
demonstrated lower concentrations of B-epoxide, 78-diol, 7 oxocholest-5-ene-38-ol and total cholesterol 
oxidation products than Pork from control animals. Sheehy (1994) recently reported a reductio11 in 
total cholesterol oxidation products from vitamin E-supplemented broilers. . 

Drip Los.s in Meat and Vitamin E 

The ability of meat to retain moisture is an important characteristic which affects cooked product 
juiciness and processing yields. In general, low drip loss is desired. Supplementation of pig diets 
with a.-tocopheryl acetate reduced drip loss in pork (Asghar et al., 1991; Monahan et al., 1994). This 
may have resulted from the stabilizing effect which a.-tocopherol exerts on membrane fluidity and 
integrity (Monahan et al., 1994). 

How Much Vitamin E Should Be Fed to Obtain an Antioxidant Effect? 

A threshold level of 0.30 to 0.33 mg a-tocopherol/lOOg tissue appears to be the minimum 
concentration necessary to obtain an antioxidant effect in beef muscle (Faustman et al., 1989b; Arnold 
et al., 1993a). Arnold et al. (1993a) published an excellent study on the effects of varying dietary 
vitamin E concentration and the length of .time for which vitamin E is supplemented to cattle. These 
authors stated that feeding cattle for a minimum of 44 days at 1,300 IU a.-tocopheryl acetate/day was 
necessary to obtain the threshold level of a.~tocopherol within longissimus muscle. 

A tissue level of 5µg a-tocopheroVg muscle tissue provided protection against lipid oxidation in 
broiler breast muscle; supplementation of birds with 20-25 IU a-tocopheryl acetate/kg diet for 4 to 5 
days prior to slau

1

ghter was necessary to achieve this level (Marusich et al., 1975). 
r 
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Economic Value of Vitamin E Supplementation 

The potential economic rerum of this technology is substantial. Beef which has become even partially 
discolored is reduced in price, or minced into lower value product. hnproved color stability prolongs 
the time period during which beef will be purchased at its highest value and thus reduces discoloration . 
discounts. During the Strategic Alliance Study conducted for the National Cattlemen's Association, it 
was detennined tl)at vitamin E supplementation would improve the value of a beef carcass by $20.29, 
and that the cost would be approximately $2 per animal (Stone, 1993). When the cost of obtaining 
beef with elevated levels of a-tocopherol and the number of cattle slaughtered annually are accounted 
for, it has been estimated that reduction of discoloration discounts at the retail level could result in 
added value to the U.S. beef industry of $660 million per year (Hermel, 1993). 

CAROTENOIDS 

Introduction 

Carotehoids have been used to obtain pink coloration in salmon and yellow skin/fat in broiler 
chickens. The strategy for obtaining ideal appearance in muscle-based foods is simple; sufficient 
carotenoid should be provided to achieve the desired pfgment level (Choubert and Storebakken, 1989). 
However, not all muscle-based foods benefit from carotenoid pigmentation. Yellow beef fat which 
results from carotenoid ingestion (primarily B-carotene) by cattle is considered highly undesiiable in 
the U.S. · 
Farmed salmon were originally fed crustacean waste as a natural source of astaxanthin, but are now 
supplemented with synthetic astaxanthin and canthaxanthin (Torrissen, 1989). Absorption and tissue 
incorporation of carotenoids in salmonids is approximately 5% from the diet; an average concentration 
of 4.6 mg carotenoid per kg flesh is present in supplemented fish (Torrissen and Naevdal, 1988; Har~y 
et al., 1990). Astaxanthin is more efficiently absorbed and incorporated in salmon flesh than is ' 
canthaxanthin (Torrissen, 1989; Choubert and Storebakken, 1989) and provides a more red color in the 
flesh (Simpson et al., 1981 ). 

Zeaxanthin and lutein are the major carotenoids associated with yellow coloration in poultry (Marusich 
and Bauemfiend, 1981). Yellow marigold petals are used· as a source-of carotenoids for coloring 
broiler skin/fat (Alam et al., 1968). 

Carotenoids as Colorants and Antioxidants in Meat 

When used to enhance appearance, carotenoid concentration must be sufficient to meet consumer 
expectations (Ostrander et al., 1976) and protected against conditions which facilitate fading (Chen et 
al, 1984). Carotenoids may also function as antioxidants (KrillSky, 1993). While emphasis in this 
area has been directed towards studies of human health, the potential exists for improving food quality. 
Barroeta and King (1991) demonstrated that dietaiy supplementation of broiler chickens with B-

1 

'carotene or canthaxanthin delayed the onset of rancidity in minced chicken. However, Ingemasson et 
al. (1993) reported that astaxanthin supplementation of rainbow trout did not affect lipid oxidation of 
light or dark muscle during frozen storage. · 

VITAMIN C 

Vitamin C (ascorbic acid) serves as an effective antioxidant and reducing agent in foods (Borenstein, 
1987). Unlike examples cited for the benefits of a-tocopherol and carotenoids, vitamin C appears 



more effective as an exogenous ingredient than as a dietary supplement for improving meat quality 
(Schaefer et al., 1994). Muscle contains low concentrations of ascorbic acid (Pardue and Thaxton. 
1986) and does not appear to accumulate this vitamin with dietary supplementation (Dorr and Nockels, 
1971). ·A summary of studies which have investigated the effect of vitamin Con meat quality is 
presented in Table 2. A concentration-dependent prooxidant effect of ascorbic acid towards lipid in 
ground beef (Benedict et al., 1975) and model systems (Yin et al., 1993) has been reported. 

Ascorbic acid has been shown to regenerate a-tocopherol thus prolonging the effective antioxidant life 
of vitamin E (Packer et aL. 1979). A combination of vitamins C and E has been shown to improve 
the stability of lipid and myoglobin in vitro (Yin et al., 1993) and in meat (Mitsumoto et al., 199lb) 

SUMMARY 

Antioxidant vitamins provide a means for improving the quality of muscle-based foods. To date. the 
most dramatic effects have been observed with vitamin E for delaying oxidative processes, and of 
carotenoids for coloration of salmon and poultry flesh. The concentrations oLboth of these 
compounds are readily increased with dietary supplementation. Muscle does not readily accumulate 
ascorbic acid and demonstration of this vitamin's antioxidant potential has occurred most readily as an 
ingredient Increasing the relative concentration of antioxidant vitamins in muscle-based foods not 
only improves the sensory qualities of these products, but also enhances the nutritional profile. 
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Table 1. Meat-producing animal species that have been supplemented with vitamin E for the purpose 
) . . 

of delaying lipid oxidation. · 

Species Reference 

Beef Cattle Faustman et al .• 1989ab 
Arnold et al., 1992, 1993ab I 

I ! i 
Sheep Strohecker et al., 1994 '. i 

Pigs Asghar et al., 1989 ~ 

Buckley et al., 1989 
'- Monahan et al., 1990 

I' 

Catfish O'Keefe and Noble, 1978 ~ 
:1 

I 

Rainbow Trout Boggio et al., 1985 .. j 

.. "';~ 
' " 

Laying Hens Combs and Regenstein, 1980 'i 
' 

1i 

Broilers Marusich et al., 1975 
,, ,, 

Asghar et al., 1990 (II 

Turkeys Marusich et al., 1975 j!I I 
Sheldon, 1984 

' ~ 
I ~ 
If 

" 
Veal Igene et al., 1976 

,r 
,[ 
I 

Horses ·Yamauchi et al., 1977 :I 
i 

Taken from Faustman et al. (1993), 44th Montana 
Nutrition Conference, Bozeman, Montana 
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Table 2. Effect of dietary supplementation or exogenous addition of vitamin Con meat quality. 

Meat Quality Effect of 
Delivery Param-eter Vitamin C Refererice1

•
12 

Dietary Yield -
Broiler Increased 1 

No effect 12 

Fat stability -
.: 

Broiler None 2 
Pork None 3 

Exogenous .. 
. 

A. Preslaughter 
injection Color - Beef Improved stability 4 

B. Postslaughter 
infusion Flavor - Lamb Improved flavor 5 

C. Spray/Dip Color - Beef Improved· stability 6,7 

. D. Ingredient 
Addition Color - Beef Improved stability 8-11 

Lipid - Beef Improved stability 8,11 
·Reduced stability 10 

1Quarles and Adrian (1988); 2Bartov (1977); ~sai et al. (1978); 4Hood (1975); 5St Angelo et al. (1991); 
6Mitsumoto et al. (1991b); 7Mitsumoto et al. (1991c); 8Mitsumoto et al. (1991a); 9Greene et al. (1971); 
1°Benedict et al. (1975); 11Shivas et al. (1984); 12Fletcher and Cason (1991). 
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Figure 1. Effect of dietary vitamin E supplementation of Holstein steers on color stability of psoas (A); 
gluteus (B); and longissimus (C), muscles. Steaks were obtained from control (n=3) and 
vitamin E-supplemented (E-2000) cattle (n=3; 2000 mg/head/day for 126 days), and stored 
aerobically in a 4°C walk-in cooler. The psoas, gluteus and longissimus muscles are 
considered to have low, intermediate and high _color stabilities, respectively. 
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NEW DEVELOPMENTS IN MILK REPLACERS 
FOR PRE-RUMINANTS 

,, 

Trevor Tomkins, Jansuz Sowinski · 
Milk Specialties Company, ·Dundee, Illinois1 

and 
James K. Drackley 

University of Illinois2 

INTRODUCTION 

Milk replacers for pre-ruminants are primarily intended to replace whole milk and provide a lower 
cost altemattve for raising the young animal, and a large industry has grown worldwide to 
nianufacture~and sell these. The principal products are ·generally divided into milk replacers which 
are intended to be fed for a·relatively short period from birth. until the calf_is weaned (typically at 
4-8 weeks of age)'; or those which ·are designed specifically for raising- veal, where the calf js 
maintained as a functional pre-ruminant and fed milk replacer from birth until it is slaughtered (16 
to 24 weeks depending on the country and industry standards). The milk replacer indystry is of. 
economic significance to the dairy industry in that more whole milk is available for.processing 
rather than being fed to calves; furthermore, the milk replacer industry provides an outlet for 
many by~products from the dairy manufacturing industries. 
This article primarily addresses some research in the last 5 years and its impact on the industry· 

. . 
~ey. -

Changing industry 

The milk replacer industry continues to be impacted by the rapid changes oc~urring in both dairy 
production at farm level and in manufacturing technology in the processing industry. As dairy 

· herd size increases, and with it the intensity of production, so new stresses are placed on calf 
raising systems and ,new demands are placed on milk replacer performance. At the same, time 
milk and its components are finding llew places in the human food mar~et through new processing 

· technology and increasing demand; as this happens the prices of milk and milk components rise 
and fluctuate, making them unattractive for use in milk replacers (Figure J) .. , 

Research effort· continues to focus on ways to lower the cost of milk replacers and calf rearing, by 
further enhancement of the performance of milk replacers, including; un~erstanding the nutrient 
requirements of the calf, processing and use of non-milk protein sources, levels of replacement of 
milk protein, feeding programs and calf management. 

L 
2 

Milk Specialties Company, P.O. Box 278, Dundee, Illinois 60118 
Department of Animal Science, 315 Animal Sciences Laboratory, 1207 West Gregory Drive, Urbana, IL 61801 
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Nutrient requirements of the calf. ' . 

It has become evident that the nutrient requirements of the calf are not well understood in relation 
to our understanding of the,nutrient requirements of the young of other species (swine, poultry). 
Without having complete knowledge of these nutrient requjrements it is difficult to interpret much 
of the early milk replacer research. It is also becoming clear from work with young pigs that the 
immune status of the young animal is a critical factor in determining nutrient requirements. 
(Williams et al 1993). . ' 

Much published milk replacer research has been conducted with relatively small numbers of 
animals, and is confounded by the presence of dry food in the diet which starts a nutrient flow 
from the rumen. Moreover, the researchers have failed to address or acknowledge that 'crude 

,' 
protein' requirement is an inadequate descriptor of amino acid requirements. 

In addition, when comparing growth rates of calves observed in practice it is evident that growth 
performance is frequently well below genetic potential and much of this :can b.e ascribed to feeding 
practices. It has become common practice in the industry (regardless of size, environmental 
conditions or health status) for calves to be fed milk replacers at the rate of 1 lb. of powder in one 
gallon of water per calf per day (which equates to 8% to 10% of body weigh): It is.not 
µnreasonable to speculate that this may be a direct factor influencing high calf mortality (8.4% for 
heifer calves NDHEP). Lower rates of growth due to low feed intakes or inadequate nutrient 
composition are frequently associated with poor health in the early .milk replacer feeding period 
(Tomkins et al 1994). 

CURRENT RESEARCH 

The most significant factors that affect cost of milk replacer are the protein level and source of the 
protein, and therefore much of the recent research has focused on these two areas. Unfortunately, 
there is a close relationship between the protein level and protein source and this has not been 
clearly understood by researchers. Nutritional research in the monogastric has demonstrated 
clearly the concepts of ideal protein ( Baker and Chung 1992) and diets can be formulated based 
on essential amino acid requirements in a ratio to the first limiting amino acid or lysine. Further 
research with the monogastric has determined both ileal digestibility and in some cases availability 
of amino acids(Batterham 1992). Little work of this depth has been conducted in the calf. 
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Protein level 

Commercial milk replacers intended for raising calves to be weaned at 4-6 weeks of age generally 
range in a crude protein level from 18% to 24 % on as fed- basis, but the percentage of protein 
from milk origin varies. These diets may vary from 100% milk protein to as little as 20% milk 
protein. The remainder of the protein is derived from one or more non-milk protein sources. 
The performance that a calf raiser can expect from these diets will differ significantly. In a recent 
study (Tomkins et al 1994), 240 calves were divided into 8 treatment groups that included 4 
levels of milk protein as a percentage of total protein (100%, 50%, 40% and 30%). Calf 
performance, measured as ADG during days 1-14, was 218, 150, 136 and 88 g/d for 100% milk 
protein, 50%, 40% and 30% milk protein respectively. Additionally, calf mortality and morbidity 
w~ zero for_ the 100% milk protein treatment but 16% for the 70% milk protein replacement. 

The question becomes: is a milk replacer containing lower (18%) crude protein that is all of milk 
origin better than a milk replacer containing high-crude protein (24%), of which 60% of that 
protein is derived from non-milk sources? That question also has to be qualified by knowing how 
much the calf is being fed per day because growth is dependant on amino acid intake and not 
simply the crude protein percentage. 

Milk proteins 
: 

Until midway through the 1980's, skim milk (SMP) was the principal milk protein used in calf 
milkreplacers. World surpluses of skim milk in the 1960's and 1970's had resulted in government 
programs in both Europe and the United States where skim milk price was subsidized ifthe 
surplus was used in milk replacers for animal feed. This situation changed during the mid-4'1980's 
when world surpluses declined and skim milk prices became higher than those of whey protein 
concentrate (WPC). Whey protein concentrate, which is produced by ultrafiltration of liquid -' ·_ -.::; 
whey to remove lactose and other soluble components, then started to become the principal milk 
protein source in milk replacers in the United States. Unfortunately, awareness of this change 
throughout much of the research, veterinary, and feed industry community has been slow and 
exacerbated by some members of the milk replacer industry being reluctant to totally remove skim 
milk powder from either their labels or formulations. 

Research with whey proteins shows that they can completely replace skim milk protein in calf 
-milk replacers (Tomkins and Sowinski 1992 ) provided they are not denatured by heat treatment. 
In a series of trials conducted by Milk Specialties Company involving 605 calves performance was 
comparable on diets formulated with milk protein based either on skim milk powder of whey 
protein concentrate. Average daily gain (lb/d) were 1.75 and 1.67, d 1-32 for SMP and WPC 
respectively in Trial 1, 1.26 and 1.23 d 1-35 in Trial 2, and 1.31 and 1.32 d 1-38, in Trial 3 for 
SMP and WPC respectively. It must be pointed out, however, that whey proteins (by definition) 
do not form a clot, as does the casein protein in skim milk when exposed to rennin (chymosin) 
and pepsin. This has led to some controversy in the industry, as early research in Europe showed 
that if skim milk was unduly heated during the drying process it caused diarrhea, scouring and 
poor growth in the young calf It also failed to clot in the abomasum, and it was assumed that 
clotting was a necessary prerequisite of any calf milk replacer diet. This has now been shown to 
be a false assumption (Tomkins et al 1991, Tomkins and Drackley 1992). 
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The derivation of milk products used in milk replacers is shown in Figure 2 and their composition 
in Table 1. In addition to WPC, delactosed whey has become a popular and cost effective 
protein source. Processing technology developments have resulted in a product with low protein 
denaturation and low ash levels compared with products produced 15 to 20 years ago. 

Figure 2: 

Derivation of Milk Products 
used in Milk Replacer 
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Many different non-milk proteins of both animal and plant origin have been investigated as 
replacements for milk proteins in milk replacers. These include plant proteins from the soybean 
(isol~ted soy protein, soy protein concentrate, soy flour and modified soy flour), wheat (mo.Bified 
wheat protein), potato, pea, and bean and animal products from blood, plasma, meat, and fish. 
The principal products of ec_pnomic importance today are those from soy, wheat and animal , _,~ 
plasma. 

In a recel}t review, Van Kempen and Huisman (1991) reported that the protein digestibility of the 
majoricy_ of non-milk protein sources is. lower than for skim milk powder. An exception is 
modified wheat protein. 

Soy proteins. The large scale use of soy proteins to replace a proportion of milk protein is 
clearly related to their cost advantages compared to both milk proteins and other non milk 
proteins. The derivation of soy products used in milk replacers is shown in Figure 3 and their 
composition in Table 2. 

Derivation of Soy Products 
Figure 3: used in Milk Replacer 
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The soybean contains a number ofanti.;nutritional factors (ANF's)and these have been shown to 
cause a variety of problems in the young calf (including diarrhea and poor growth) when not 
inactivated prior to feeding. The principal ANF's are trypsin iflhlbitor,_and the antigenic proteins 
glycinin and P-conglycinin. Recently (Gardner et al 1990) implicated phenolic compounds in 
adverse responses to calf milk replacers containing s~y proteins. 

A thorough review of ANF's and their impact on the yo~ng animal ~e·poorly utilized by the 
young calf presented by (Huisman et al 1989). The soybean also contains high levels of 
carbohydrate that include stachyose, raffinose, and sucrose. Processing appears to be the key to 
successfully reducing the negative effects of ANF's in t_he calf Soy flour is produced by finely 
grinding defatted soy flakes, which are either heated to reduce ANF's (particularly trypsin 
inhibitor) or washed in aqueous alcohol to remove antigenic proteins (modified soy flour). Soy 
protein concentrate is produced by removing the soluble. carbohydrates from defatted soy flakes 
with aqueous alcohol, and isolated soy protein is produced by _acid precipitation and alkali re
solubilization of extracted protein. · 

. . 
Research has focused on methodology for rapid determination of ANF levels and include: ELISA, 
immunoblotting and functional lectin immunoassay. Despite both processing research and 
attempts to quantify ANF levels in soy proteins, feeding results can be variable and app~ar 
dependent on a number of factors including type of soy protein, processing methods, level of 
protein replacement in milk replacer, age at which introduced to the calf, and rate of feeding. 
Eight studies conducted by Milk Specialties Company since 1990 involving 450 brought-in calves 
.have compared performance of milk replacer containing all milk protein with milk replacer· irf . 
which.50% of the protein is from soy protein concentrate(SPC) .. These results are summarized in 
Figure 4. Performance, defined by ADG during d 1-14, was b .40 lb/ d for the all milk treatments 
and 0.27 lb/d for SPC. Performance during d 1-28, was 0.82 lb/d forthe all milk and 0.71 lb/d for 
the-SPC treatment, and ADG during d 1-142, was 0.93 lb/d and 0.87 lb/d for all milk and SPC, 
respectively. These data showthat performance of young calves, particularly those under greater 
stress (such as.shipping calves from the sales auctions) may well be compromised by non-milk 
proteins in the first 14 days oflife. Once dry food is consumed (from calf starter) differences are 
less dramatic. 

Figure 4: 
Summary of 8 Studies Comparing Milk Replacers ~ontaining 
All Milk Protein or 50"/o Protein Replacement from Soy Concentrate 
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Attempts have been made to increase. the level of milk protein replacement above 50% using 
(SPC) hqwever, results have not been favorable (Sowinski et al 1994). It is difficult to establish 
whether lowered calf performance is a function of interference with metabolism due to ANF's or 
to inherent lower protein or amino acid digestibility, or a combination of these. It is also difficult 
to assume that ANF levels in products are consistent without continual monitoring and without·· 
rapid and repeatable assay techniques being available. 

Wheat proteins. A recent-development for the milk replacer industry is the availability of 
modified wheat proteins. _Compared with soy proteins wheat protein does not contain any known 
ANF's. Research in the later 1980's in" Europe demonstrated superior digestibility (95%) for a ~ · 
modified wheat protein compared to other non-milk protein sources (DeLaporte and Demeersma 
1991). This whe_at protein was a.by-product of the European starch industry and was partially 
hydrolyzed by acid. Growth studies conducted in Europe with veal calves also demonstrated 
good performance when skim milk protein was replaced with wheat protein. In·a study by 
(Tolman and Demeersma 1991) calves on a diet which contained 20% wheat protein had an 
average weight gain and feed conversion only 4% less than the skim milk control. In addition to 
this high digestibility, modified wheat_ protein is also highly soluble, as opposed to soy flour and 
soy protein concentrate which are both insoluble and only stay in suspension for short p.eriods 
when included in milk replacers and mixed with water. 

More recently, production of modified wheat protein has begun in the United States, and _while 
the process involves enzyme rather than acid hydrolysis calf performance in calves fed milk -ii. 
replacer. containing wheat protein has been very satisfactory (Sowinski et al 1993). Results of~ 
series of 3 trials by Milk Specialties Company involving 150 calves comparing performance of calf 
milk replacers containing either 100% milk protein or 50% of the milk protein replaced with 
modified wheat protein are shown in Figure 5. -

·,. , .. ,•·· 

Figure 5: 
Summary of 3 Studies Comparing Milk Replacers containing All Milk 
Protein or 50"/o Protein Replacement from Modified Wheat Protein 
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Anin:i~t plasma proteins. Today animal plasma from both porcine and bovine origin is 
available to t~e milk replacer industry. When plasma is spray dried under carefully controlled 
conditions, it ·produces _a high-quality soluble protein with a good amino acid profile compared to 
skim milk. Porcine plasma has become a popular protein source within the last five years for 
incorporation into dry transition diets for the young pig weaned between 15 and 25 days of age. 
Responses to 5% inclusion of plasma in young pig diets include growth responses of 15-20% 
which appeai: to be largely a function of increases in feed intake, and some evidence of improved 
health. . ', ' : . . ' . . . 

On the basis of results in the pig some studies have investigated the use of animal plasma in calf 
milk replacers, but results have been mixed. A report by Morrill 1992.evaluated calfinilk'replacer 
containing animal plasma. Calves were fed milk replacers with all milk protein or with 25% of the 
total protein suppli'ed by either bovine ot porcine plasma .. Calves on the three treatments lost 
weight d 1-14 and therefore all 3 diets failed to meet the nutrient reql!irements of the calves in tht 
trial. Two reports by (Tomkins et al 1993, 1994) have showed that animal plasma is comparable 
nutritionally to milk protein, but does not further improve health of the calf as measured. by 
incidence of scouring, and frequency and cost of medical .treatments,. 

,,· . ~ .... 

Other non-milk proteins. Studies with other plant proteins, including pea protein and 
potato protein, have shown mixed results. Generally, .where relatively low levels of replacement 
of milk protein occur (up to 20% of the milk protein) calf performance is not significantly affected 
if calves are offered dry food and weaned between 4 and 6 weeks. When rate of replacement is 
increased or the milk replacer is fed for a prolonged period, as in veal production, then 
performance is negatively impacted. These types of results further illustrate that without 
knowledge of the calfs amino acid requirements, protein research is difficult to interpret. _ ~ -

Studies with other animal protein sources, including fish proteins (concentrates or hydrolysate), 
blood proteins, and meat solubles, all give variable results depending on both levels of milk 
protein replacement, level of feeding, and length of the feeding period. In general, however, 
performance of calves has been less satisfactory with these ingredients. 

Energy level 

. The principal contributors of energy in calf milk replacers are lactose and fat. Fat levels in 
commercial milk replacer generally vary from a low level of 10% to a high level of22%. The 
effects of milk replacer energy level on calf performance are not clearly determined because of 
interactions of environmental temperature, energy derived from a functioning rumen (if the calf is 
receiving dry food) and difference in metabolic utilization of energy derived from either fat or 
carbohydrate. 

What is generally' clear is that the calf requires· a higher level of energy from its feed when the 
ambient temperature falls below the calfs "lower critical temperature" (defined as the 
environmental temperature below which there is a marked increase in heat production to maintain 
body temperature). This increased energy requirement can be met in one of three ways: (1) 
increasing milk replacer intake by increasing the volume fed or increasing solids content of the 
liquid fed, (2) more frequent feeding, or (3) adding an extra source of digestible fat to the diet. 
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Research)hows that a calf housed at an environmental temperature of24°F (-4°C) requires 
roughly 30% more energy for maintenance than one housed at 50°F (20°C). Generally, increasing · 
fat levels.in.milk replacer from the 12% to 20% range will result in increasing growth rates where 
no dry feed is available, but where dry calf starter is available increasing fat levels tends to depress 
dry starter intake and may compromise growth rates particularly if the calf is housed at or near 
lower critical temperature (Tomkins et al 1994). 

Generally the best advice for winter feeding is to increase intake of a nutritionally balanced milk 
replacer by increasing either frequency of feeding or amount per feeding, and to ensure that 
starter feed is available at all times. 

Vitamins 

Apart from recent work with Vitamin E, there has been little new work with calves concerning 
vitamin.requirements. Reddy and co-workers in a series of studies suggested that increasing 
levels of Vitamin E to an intake of 125 IU/d may have an immuno-stimulatory effect (Reddy et al 
1987}. It isbelieved that the antioxidant action of Vitamin E may be important mechanistically in 
such an affect. 

Acidification 
.. 

The addition of low levels of organic acids has become a popular practice in the last 5-10 years, 
and benefits to growth and health have been reported. The lower pH of acidified milk replacer 
may help control Escherichia coli proliferation and promote lactobacilli growth in the alimentary 
tract (Roy 1980). When an acidified milk replacer is fed, abomasal pH will not rise higher than 
that of the milk and thus the period of higher pH when microorganisms can proliferate is reduced. 
In addition, work with organic acids in swine feeds suggests that of a lower gut pH may enhance·--:~ 
enzyme activity. 

Medication 

The addition of medication to milk replacers is controlled by the Food and Drug Administration. 
Permitted medication and use levels are shown in table 3. ·An extensive series of trials involving 
over 500 calves has been conducted by Milk Specialties Company over the last 5 years to · 
investigate the effects of medication in milk replacers. All the trials involved calves purchased 
from sale barns, which were then shipped to a central rearing facility where they were co-mingled. 
Under these conditions it is probably appropriate to term the calves "stressed". In all trials the 
addition of either oxytetracycline/neomycin in combination or chlortetracycline positively · 
impacted growth and performance (Tomkins et al 1992). The most significant impact on growth 
during the critical first 14 days occur with the oxytetracycline/ neomycin combination used at 200 
g oxytetracycline and 400 g neomyCin per ton of milk replacer powder Figure 6. The lower 
permitted level of 100 g oxytetracycline and 200 g neomycin per ton did not have the same effect, 
and the higher level of 400 g oxytetracycline and 800 g neomycin did not improve performance 
over the 200/400 level. The mode of action of these antibiotic combinations is not clear since 
most known gut pathogens are resistant to these antibiotics. · 
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Impact of Medication Level in Milk Replacer 
on Growth of Calves (d 1-14) 
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Regulatory clearance of decoquinate for addition to milk replacers has resulted in widespread use 
of this anticoccidial during the milk replacer feeding period. Studies indicate positive effects on 
calf performance where a coccidial challenge is present. It is probably preferable from a practical 
standpoint to use oxytetracycline and neomycin at the 200/400 g/ton level for the first fourteen 
days and then switch to a decoquinate containing milk replacer thereafter if coccidiosis is a · 
problem. by doing this the early growth response from the oxytetracycline/neomycin combination 
will be effective. •. 

INDUSTRY TODAY 

Many people raising ca_lves and involved in buying decisions do not fully understand many aspects 
of either milk replacer classification or their optimum use. It is helpful to classify milk replacers 
according to factors such as principal protein sources, energy (fat levels) and types of medication. 
It is also important that end users and those advising on the use of milk replacers understand 
which product types are best suited to different rearing and management practices (BAMN 1994). 

Classification of milk replacers 

The principal classification of modem milk replacers is shown in Table 4. Typically products 
formulated only with milk proteins are labeled 'all milk protein' although recent adulteration of 
some 'all milk' products has led to regulatory control in several states. Products containing some 
non-milk proteins are generally classified as such. One of the problems for the end user is that 
there is no simple way of determining the level of milk protein replacement and reference to the 
tag or label is usually of little value. Some of the terms used on the tag or label may be the official 
term defined by the American Association of Feed Control Officials, which are not co~only 
understood by the end user. In addition, labels may be further confused by the use of generic 
terms such as 'Animal Protein Products' or 'Pfant Protein Products', which are collective terms and 
can be used to disguise a number of undesirable ingredients in a milk replacer. 

Formulation of milk replacers. Formulations of typical modem milk replacers are shown 
in Table 5. As non-milk proteins with a higher protein concentration such as modified wheat 
protein (protein 87%) and soy protein concentrate (protein 67%) proteins are used so whey 
becomes the principal contributor of both milk protein and lactose in the formula. Whey is the 
most variable of the milk ingredients in quality due to a variety of factors associated with the 
cheese production process and then the subsequent whey storage and processing. 
Addition oflysine and methionine to milk replacers containing non-milk proteins is common. 
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Adulteration of milk replacers: As milk protei~ prices fluctuate so the milk replacer 
industry has been plagued with the occurrence of adulterated products being produced and sold in 
the industry by disreputable suppliers. A popular adulterant is meat solubles, which is a high 
nitrogen containing protein source, but is low in essential amino acids and is poorly digested. 
(Polzin 1976) The problem for the unsuspecting producer, who legitimately purchases a product 
that does not have 'meat solubles' listed as an ingredient is that calf performance may be seriously 
compromised. In 1993 The State of California investigated some milk replacer products that 
were being sold and confirmed that adulteration was occurring because products containing meat 
soluble were being manufactured and sold as 'all milk' products. The presence of hydroxyproline 
which is only found in animal connective tissue confirms the presence of 'meat solubles', but this 
test is not able to be carried out at farm level. 

Management-and feeding practices 

A strong argument can be made that modern feeding practices result in less than optimal growth 
and feed efficiencies for the calf during the early milk feeding program. One pound of milk 
replacer powderper.ca.Ifper day reconstituted to 12.5% solids and fed to a new born calf 
generally represents a feeding rate of 8 to 10% bodyweight. This is considerably lower than the 
feeding rates which are achieved in both natural and artificial rearing systems with both the young 
pig and the lamb. In figure 7 the amount of dry matter needed to attain given feed efficiencies 
have been calculated using the NRC requirements for a 90 lb. calf ; 

: Feeding programs. Research by Milk Specialties Company involving over 1,100 calves 
has studied calf rearing programs using either a conventional feeding program of 1 lb. of milk . 
replacer powder or to a 'step-up' program (see table 6 and figure 8). Calf performance aii8 feed 
efficiencies are enhanced by .the step-up feeding, particularly during the first 14 days when calf 
starter intake is limited (Tomkins et al 1993). Thereafter the benefits of 'step-up' programs wiil'6e 
dependent on factors such as environmental temperature, nutrient density of the milk replacer, and 
dry feed consumption, The data also support the concept of cold ad-libitum feeding of acidified 
milk replacers which is still a popular practice in certain areas. In this practice milk replacer is 
usually reconstituted and placed in a large reservoir and maintained at ambient temperature. 
Calves help themselves to milk replacer from a nipple connected to the reservoir by a hose . 

. Figure 7: 
Relationship Between Dry Matter Intake per unit 
of Metabolic Weight (BW .75) and Feed:Gain 
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Figure 8: 
Average Dally Gain of Calves Fed "Step-Up" · 
or 1 lbJcalf/day Program. (All Miik Protein Miik Replacer) 
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Milk replacer and electrolytes. It has recently been shown that historical approaches to 
the use of electrolytes for administration to calves with symptoms of diarrhea and scouring do not 
achieve optimal results (Drackley et al 1994). It has frequently been suggested that milk be 
withdrawn during severe bouts of diarrhea as digestive functions are probably compromised and 
milk feeding only exacerbates the condition. It is now clear that maintaining enteral nutrition is 
critical and that best results are obtained when scouring calves are offered both milk replacer and 
electrolytes simultaneously: In addition, oral rehydration preparations that contain soluble and 
insoluble fibers and gelling agents may have advantages in treating diarrhea {Tomkins and. 
Sowinski 1992). · 

. Colostrum Substitutes. An additional recent development of questionable merit is the use 
of so called colostrum substitutes to supply immunoglobulins to calves suffering from FPT A 
(Failure of Passive Transfer of Antibodies). A number of commercial products are being 

' ~ 

marketed and sold and the costs of dosage varies considerably, but the majority are in the range of 
$5 to $10 per calf These products are either based on spray dried whole bovine colostrum or 
concentrated whey proteins which contains high immunoglobin levels (or both). · 

Published research, while demonstrating that circulating immunoglobin levels in the calf can be 
increased by the use of these products if they are fed within the first 12 hours of birth, has failed 
to demonstrate that levels can be increased to a sufficient circulating concentration to be effective 
when the calf is challenged by a pathogen load. Considerable more work is required to validate 
the use of these products and remove them from the class of merely being more products sold to 
uninformed producers by marketing hype (Haines et al 1990, McCoy et al 1994). 
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SUMMARY AND CONCLUSIONS 

' 
Some progress has been made within th.e last five years in understanding some of the complex 
interactions associated with the management and nutrition of the young calf and the use of milk 
replacers. 

New developments include clear documentation that whey proteins can completely replace skim 
milk despite the fact that whey proteins do not clot in the abomasum. The use of non-milk 
proteins, particularly those derived from soy or wheat are popular alternatives in lower cost mil\c 
replacers, where a proportion of the milk protein is replaced. 

Data suggest that incorporation of non-milk proteins may result in less optimal performance 
during the first 14 days of life, particularly when the calf is "stressed". Thereafter, replacement of 
milk protein with non-milk protein can produce comparable growth performance to all milk 
protein products, provided that the total level of milk protein replacement does not exceed the 
50% to 60% range. 

The. addition of antibiotics to milk replacers (particularly oxytetracycline/neomycin in 
combination) appears to result in a significant performance benefit, particularly during the first 
fourteen days of life. 

The generally accepted feeding practice of 1 lb of milk replacer powder per calf per day is 
certainly inadequate for maximum calf growth during the first period up to weaning and may 
result in poor health in some rearing conditions. 

Recent.research shows that milk feeding should not be discontinued when calves are scouring_but 
that it should be continued in conjunction with electrolyte therapy. ' . .,~ 
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T~ble 1. Nutritional composition of milk products used in milk replacers 

Whey Whey Protein Dclactoscd S_kim. . Whole Dried 
Concentrate Whey Milk Milk 

. . Expressed on·As Air-Dry is Basis(%) , · 
--------------------------------------------------------------- . . -

Dry Matter 98 98 98 98. 97. 
···-

Protein 12 34 23 34 26 

Fat 0.2 3.5 1.5 0.1 28.5 

Lactose 74 52 55 54 34 

Ash 8.5 ' . 6.0 . ,·16.0 ·i9' 6.0 

Calcium 0.90 0.54 1.95 1.25 0.95 

.. Phosphorus 0.81 0.67 1.00 1.06 0.75 

.. ---------------f'.~~1l_t!_al~!!t2-~~~!is!l.QQJt~O~~L-----------------
Lysine 8.92 9.09 8.91 . 8.24 8.23 

Methionine 1.92 1.94 1.91 2.65 2.62 

Cysteine. 2.25 2.47 2.09 1.51 1.50 

Arginine 2.92 2.53 2.91 ' ~ 3.65 3.85 

Tryptophan 2.08 2.15 2.09. 1.41 1.41 

Histidine 1.75 . 1.91 1.74 2.74 2.73 

Isoleucine 6.08 5.97 6.09. 6.99 7.00 

Leucine 10.33 10.47 10.35 10.01 10.00 :. 

Phenylalanine 3.50 . 3.24 . 3.48 4.71 4.69. 

Threonine 7.00 729 7.00 4.25 4.23 

Valine 5.92 5.82 5.91 6.68 6.65 

Table 2. Nutritional composition of non-milk protein products used in milk replacers • 

Dry Matter 

Protein 

Fat 

Lactose 

Ash 

Calcium 

Phosphorus 

Lysine 

Methionine 

Cysteine 

Arginine 

Tryptophan 

Histidine 

Isoleucine 

Leucine 

Phenylalanine 

Threonine 

Valine 

Isolated Soy 
Protein 

Soy Protein 
concentrate 

Soy Flour Modified Wheat 
Protein 

------------------g~ELC~~d-~~t.~J~!!~i§.!'~-----------------------~-----
94 95 95 94 

86 . 67 53 82 

0.5 0.3 02 2.0 

4.5 7.0 6.3 3.0 

0.10 0.35 0.35 0.04 

0.78 0.18 0.73 0.40 

-----------~~~~~i~~~~~~i~122_a~!~t.:~J ____________________________ 

6.07 ,, 6.32 6.15 1.60 

1.11 1.32 126 1.85 

1.41 1.47 1.42 2.47 

7.79 6.10 7.17 3.95 

1.01 1.32 1.28 0.99 

2.73 2.65 2.60 2.22 

4.85 4.85 4.62 4.44 

8.09 7.94 7.62 7.78 

4.95 5.00 4.91 5.93 

3.84 4.12 4.06 2.59 

5.06 5.15 4.89 4.44 
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Table 3~ Permitted medications and use levels milk replacers 

Medication Use Level 

Chlortetracycline ~ "· , Up to 100 g/ton 

100 g/ton to 250 g/ton 

Statement 

Growth promotion and feed 

efficiency. 

Aid in prevention of bacterial 

diarrhea. 

Withdrawal Period 

None required 

Oxytetracycline 50 g/ton As an aid in the treatment of 5 days before slaughter. 

51 g/ton to 100 g/ton 

bacterial diarrhea. 

Aid in the prevention of 

bacterial diarrhea (scours). 

Oxytetracycline/ 100 g/ton Oxy 200 g/ton Neo Aid in the prevention of 30 days before slaughter 

Neomycine bacterial diarrhea (scours). 

Decoquinatc 

200 g/ton Oxy and 400 g/ton Aid in the treatment of bacterial 

Neo to 400 g/ton Oxy and diarrhea (scours). 

800 g/ton Neo 

45.4 g/ton (to give 22.7 mg For the prevention of coccidiosis None required 

decoquinatc per 100 lbs. body in rumi.nating and non-

weight) ruminating calves and cattle 

caused by E. bovis and E. zumiii 
: 

Table 4. Classification of milk replacers 

Protein Source Principal Milk Proteins Principal Non-Milk Proteins 

Conunon Terminology and (AAFCO Names -

(American Association Feed Control Officials) 
~ 

Whey Protein Concentrate - (same) Soy Protein Concentrate 

Whey-(same) Isolated Soy Protein 

'·' 
Delactosed Whey (dried whey product) Soy Flour 

Skim Milk· (same) Modified Wheat Protein 

Casein (dried milk protein) Animal Plasma 

Protein/ - - -

Energy Level Hie:h Fat Low Fat 
. ~ -

Protein % 18-22 Protein % 18-22 

Fat 0/o 16-22 Fat% 10-15 

ME (Meal/lb) 1.77 • 1.95 ME (Meal/lb) l.66'-1.81 

' 
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Table 5. Formulation of typical calf milk replacer 
I. ; 

·----

All Mille Protein Protein Isolate 
',_ (such as 5oy/ Protein Cooceotrate 

modified wheat) (such as soy/plasma) 

Whey Protein 

Concentrate 44.5 7 92 

Dclactoscd Whey 10 10 10 

Dried Whey 252 50.8 49.8 

Protein Isolate • 11.2 • 
Protein Concentrate • • 15 

Fat 19 19.5 14.5 

Mineral, Vitamin, Amino 

Acid Premix 1.3 1.5 1.5 

Protein% 20 20 21 

Fat,% 20 20 15 

Fiber,% 0.15 0.15 0.5 
' 

Lactose, % 48 46 47.5 

Replacement of Milk 

Protein • 50 48 

.· 
(From TOinkins & Jaster, 1991) 

Table 6. Comparison of conventional 1 lb/day program versus possible 'step-up' program 

Days Conventional 'Step-up' 
Milk Replacer T6tal Solution Milk Replacer Total Solution 
Powder/Day Per Day Powder/day Per day (lb) . 
(lb) (lb) Constant 12.5% 

Solids 

1-7 8 8 

8-10 8 1.125 9 

11-13 8 125 10 

14-16 8 1.375 11 

14-19 8 1.5 12 

20-22 8 1.625 13 

23-28 8 1.75 14 

- Total Milk Replacer Powder 
Weaned at 4 Weeks 28 38.125 

29-30 8 1.5 12 

31-32 8 1.25 -- 10 

33-35 l 8 8 

Total Milk Replacer Powder 
Weaned at 6 Weeks 35 46.625 

3642 8 8 
Total Milk Replacer Powder 
Weaned at 6 Weeks 42 53.625 

Total solution per day - assuming 12.5% solids. 1. 

2. 

3. 

% Solids - assuming feeding same volume of 1 gallon per day throughout period. 

Based on typical program for 100 lb calf. 
86 

• 8 lb. = 1 gallon 

... 
% Solids if Constant 
Quantity of 1 • 
Gallon Fccd/Day 

12.5 

14.l 

15.6 

172 

18.8 

20.3 

21.9 

18.8 

15.6 

12.5 

12.5 
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Notes 



INTRODUCTION 

NUTRITION MANAGEMENTJN LARGE DAIRIES : 

Rick Lundquist . 
Lundquist & Associates 

Dairy Nutrition Consultants 

_, 

Over 90% of the dairy .cows in Florida are in herds with more than200 cows. Large herds are the . 
norm in most of the southern and western states. This trend towards larger and fewer dairies is 
also occurring in the rest of the country: In 1982,· 8.5% of the the cows in Michigan were on 
herds larger than 200 cows. In 1992, this figure hadincreasedto about 18% (USDA,1994). 

Dairy producers are expanding their hC?rds in order to stay competitive in today's dairy economy. 
Larger herds have some obvious advantages due to their economies of scale. However, they can 
also be a quicker means of going broke. Good management is the key to a successful dairy 
operation, no matter what the size, but organization is essential as cow numbers increase. 

A 300 cow dairy in the northern states may require a similar investment in facilities to a: mu~h 
larger dairy in the southern and western states due to differences in climate. The level of 
management required may be equivalent, however the definition of a large dairy is relative to the 
facilities, equipment, labor and management required to operate it. This paper will discuss .. 
nutritional management especially as it applies in large dairies. 

GOAL OF PROPER NUIRmONAL MANAGEMENT 

Mixing and feeding procedures on large dairies must be well established and as simple as possible 
for the employees. If one were to survey owners and managers of large dairies and ask what is the 
most ,challenging aspect of operating a large dairy, labormanagement would be at the top of the 

I 

list Any farm with hired help will encounter problems with employees, but as the size of the dairy. 
increases and the number of people employed goes up, thepotential labor related problems can 
.increase exponentially. Large dairies require more shift work, days off and sick lea.ve. For this 
reason, different employees need to be able to handle feeding routines without difficulty. Feed 
miXing and delivery should remainconstan.t no matter which employee .is working. Variability in 
mixing accuracy and amount of feed delivered to the cows can result if procedures are too 
complicated. The goal of good nutritional management should be for the cows to consistently 
consume the ration that is intended. 

FEEDING METHODS 

Feeding cows different rations according to production has been advocated in recent years. This is 
easier to accomplish on larger dairies beca-µse of larger group sizes. However, we have found in 
practice that.reducing the number of different rations fed and minimizing movement of cows 
between groups is more important than trying to balance rations to a specific production level. 
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Feeding large groups of cows for optimum production and well being involves studying group 
behavior. Management strategies that account for social facilitation in cow groups will reduce 
stress and enhance feed consumption (Albright, 1993). Keeping established groups together as 
long as possible and moving cows in groups rather than individually will reduce the stresses 
involved with reorganization within the herd structure. . 

Feeding only one or two different milking rations is advantageous on large dairies because of 
simplicity. The cost per pound of feed will be greater when feeding fewer rations to the milking 
groups, but this will be offset somewhat by the reduction in intake in later lactation. Cows can be 
fed more often when only one or tWo different rations are mixed for the milking herd. The 
obvious advantages are fresher feed and greaterintake; Adjustments in the amount of feed offered 
per day are easier when less feed isdelivered per pass of the mixer. This is advantageous when 
feed intake is variable during hot weather or when fresh cows are added to groups. Milking three 
times per day and use of recombinant bovine somatotropin (bST) require that more energy dense 
rations be fed for a longer portion of lactation, thus requiring fewer milking rations. 

Tota! mixed rations • ··· .~· · .. 
Total mixed rations (TMR) are the feeding method of choice on large dairies due to reasons 
discussed above. However, a partial TMR in which a portion of the forage is fed sep~tely is 
preferred in many cases. When a large quantity of long hay is fed, separation can occtir if all of it 
is mixed into the TMR. Mixing large volumes of coarse hay also reduces the life of the mixer. In 
these cases, a partial TMR in which some of the long hay is fed separately can be more successful . 

. ·' ;.. 

During hot weather or changing weather conditions when intake is variable, a partial TMR is 
easier to monitor and adjust. The energy density of the TMR can be increased (volume decreased) 
so that the co~s will always consume 100% of the TMR. Forage that is fed separately can then be 
used to adjust fm; total intake on a daily basis. This reduces waste of expensive ingredients not 
consumed 

", ..... 

Parlor feeding . 
Many large dairies feed grain in the parlor. Disadvantages of this system include mechanical 
breakdowns in the parlor feeding system, discretionary feeding by milkers and limitations on the 

· type of feed that can be delivered by most feeding systems. However, feeding in the parlor can 
increase total intake during hot weather. It also offers heifers and submissive cows a place to eat 
without competition from dominant animals. Parlor feeding can also improve cow flow through 
the parlor. 

FEEDING GROUPS 

the number of different rations fed on a large dairy should be the minimum reqllired'tb supply the 
necessary nutrients for each stageof lactation. Recommended feeding groups are as follows: 

1) Fresh cow or transition group - maintained forl to 2 Weeks postpartum or uriiil cows are well 
established on feed: Low cow density and ample bunk space should be maintained-to reduce 
postpartum stress and feed bunk competition. ·' · · · 
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2) High production cows· - fed the high group TMR throughout the entire lactatio·n or until body 
condition dictates movement to a lower energy or fat cow ration. 

3) High production heifers - fed the same ration as the high producing cows, but grouped · 
separately. Grouping high producing orearly lactation heifers separately will reduce stress and 
eliminate competition from dominant cows (Grant and Albright, 1994). Lactating heifers also eat 
slower and have different ruminating patterns than cows (Dado and Allen, 1994). 

4) Low or fat cow group - both heifers and cows should be moved to this group if body condition 
becomes excessive. This group can also be used for cows. with extended lactations due to 
breeding problems. 

5) Far off dry cows - from 1 to J groups may be necessary dependingon body condition. Cows 
that have dried off with excess or inadequate condition can be ."adjusted" with diet during the first 
30 days after drying off. After this, dry cows should be fed a maintenance or slightly gaining 
ration. The goal should be an average condition score of 3.5 to 3.75 at freshening. 

6) Close up dry cows - 14 to 21 days prepartum for adjustment to ingredients which will be fed in 
the milking rations. ~ 

COMMODITY FEEDING 

One of the advantages of milking more cows is the ability to feed commodities efficiently. Feed -
inventories are turned. quicker on larger dairies reducing the investment in feed per cow. Quioker 
turnover also requires more monitoring of ingredients for quality and consistency. Ingredients --.; 
should be inspected as they arrive on the dairy, preferably before they are unloaded. Employees 
should be instructed as to how to inspect each ingredient. Commodities should be inspected for 
contaminants, burnt appearance, musty smell or visual mold and other quality indicators. On large 
dairies, ingredients are typically fed before lab results can be completed: Commodity storage 
facilities should be adequate so that more than _one truckload of each ingredient can be handled. 
This will prevent problems with timing of deliveries. 

Mixing and feeding routines need to be constantly monitored. Onlythe most responsible 
employees should be_involved with feeding and mixing rations. Shortcuts taken in routines and 
procedures during mixing can become costly. Employees should be instructed_ as to why 
procedures are set up a.s they are, so they are less likely tomodify them at their discretion. 

The loading sequence of ingredients in the mixer should be set up in the proper order and remain 
consistent. Mixers designed to handle long hay typically have more space between the augers or_ 
knives and the walls to prevent hay from binding. Bulky feeds such as silages should be loaded 
first to fill this dead space. Dense concentrates added first can potentially remain on the bottom of 
the mixer. Feeds should be loaded by density, alternating light and heavy ingredients to prevent 
separation. Long hay shohld be added as one of the last ingredients to prevent reduction in 
particle size and effective fiber caused by overmixing. Recording devises attached to the scale 
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~th tape readouts are useful for monitoring the mixes that have been made each day. Employees 
may be more conscientious if they know each loading and feeding session is recorded. 
Troubleshooting is also made easier by having a record of mixing and feeding events. 

. Premixing ingredients improves ~ccuracy and reduces total mixing time. Most mixing equipment · 
is not designed to weigh and mix, ingredients at low volumes. Ingredients such as protein 
concentrates, mineral_ and vitamin premixes and fat can be premixed ahead of time in large batches 
and stored as a single ingredient. Other ingredients can also be added to the premix depending on 
storage facilities. By mixing greater volumes, the potential for inaccurate mixing is less. Mixing 
time per TMR is also reduced,lowering the potential for overqrixing._ 

Example of increase in efficiency of TMR mixing on a 1000 cow dairy by premixing 5 ingredients 
. totaling 10 pounds per cow per day. · , -

·Mixer capacity: 10,000 pounds 
Daily feed/cow: 100 pounds 
TMR mixes/day: 10 

Additiona} ingredients mixed without premixing 

' 5 ingredients x 10 mixes/day = 50 ingredients mixed per day. 

Additional ingredients mixed utilizing a premix: -

5 _ingredients x 1 premix/day+ 1 premiX x 10 mixes/day= 15 ingredients mixed per day. 

-
Utilizing a premix in the above example reduced total ingredientsmixed by 35 per day. 

MONITORING FORAGES 

With the higher volume of forage utilization on large dairies, a system for testing and identifying 
forages by lab analysis is useful. A hay storage facility is needed so hay can be tested and 
identified prior to feeding, thereby allowing for any ration adjustments that mig~t be necessary. 
On very large dairies, it may be necessary to take a composite analysis of several loads of hay 
from similar areas or cuttings, because individual loads are fed too rapidly. Once t~sting has been 
done, stacks of hay can then be categorized by grade (A,B,C or 1,2,3, etc.) based on relative feed 
value. 

Monitoring moisture content of silages is important and should be done on the dairy, rather than 
waiting for lab analyses. Microwave or cooker sryle moisture testers can be used to keep up with 
hanging moisture contents of wet feeds. _ 
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RECORD KEEPING -

Good recorq keeping is of obvious benefit on large dairies. Besides production records such as 
provided Dairy Herd Improvement, a daily log book is very helpful for recording events that can 
affect management decisions. Records ofemployees that worked, new ingredients delivered, hay 
or silage changes, weather, cow health or treatment information, and cows observed in heat are a 
few of the .entries that are useful in a daily log. The log book should beavailable so that all 
employees can make notations as needed. 

A computer program that will make batch mixes based on the ration, number of groups fed from a 
mix, and number of cows per group saves time and reduces potential errors when recalculating 
batch mixes by hand. The program $hould be able to calculate accumulative weights of each 
ingredient in a _batch and the amount of feed unloaded for each group. It should also have the 
ability to adjust the percentage of the TMR offered to each group. In other words, a group of 
heifers may only be fed 90% of the amount of TMR offered to agroup of mature cows. Batch mix. 
programs that are tied to a feed inventory program l:lfe helpful to check mixing and feeding 
accuracy over time'and.calculate ingredient shrink. 

PRACTICAL OBSERVATIONS .· 

Large dairiys cannot be operated only from an office. Frequent observation of cows, feed bunks, 
water troughs and corral or freestall conditions is essential to good manag~ment (Lundquist, 
1994; Umphrey and Beed~, 1994). _. 

Condition scoring cows on large herds can done in conjunction withother routines (nutritionist--~~ 
visits, breeding, pregnancy checks,bST injections). Rations should be adjusted on the basis of 
average condition scores. Large.herds will always exhibit some variability, as in any large 
population, so decisions must be based on the average cow, not the exceptional cow. Cows 
should be frequently observed for feeding patterns. Feeding should be timed so fresh feed is 
available when cows are returning from the milking parlor. Maximizing feed intake depends on 
establishing d~finite routines around feeding, ruminating and resting. Adjusting heifers to the 
f ceding routines and facilities prior to freshening will help achieve maximum dry matter intake 

· postpartum. With headlock stanchions, periods when cows are lockedup or locked out should be 
kept to a minimum. Many dairies with headlocks leave a couple of "empty hole"s" along the feed 
lane, so cows that will not use the headlocks have access to feed. 

Observing feces in each cow group cari give clues to problems associated with improperly 
balanced rations or mixing and feeding procedures. If the feces from a few cows in a group is 
different inappearance than the majority, it can be indicative of sorting or separation of the mix or 
mold "hot spots" in the mix. The condition of the feces also indicates whether adjustments in the 
TMR are needed due to forage changes. Feed bunks should be monitored daily and adjusted as 
necessary for leftover feed or empty bunks. Feeders nee!f to be adept at the art ofestimating feed 
needs in each group and making the proper adjustments. 
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Availability of adequate clean water is an obvious but often overlooked consideration in large 
dairies. Inadequate water consumption reduces milk production more than any other nutritional 
factor (Beede, 1994). Water consumption patterns are associated with milking and feeding times. 
Consumption is typically greater irflmediately after milking. For this reason, water sources should 
be provided in return lanes from the milking parlor. Providing free choice salt near the water 
_sources also encotirages water consumption. Shallow, fast filling troughs help to keep water 
fresher. Regardless, water receptacles should be cleaned on a regular basisor consumption will be 
depressed. 

BST IN LARGE HERDS· 

During and immediately after the approval process:for bST, many people inthe dciiry industry 
were of the opinion that bST was a technology better adapted to large dairies. Ii1 practice, large 
dairies must be very well managed to administer bST properly. Quality of management Will . 
determine the magnitude of response to bST (Crooker and Otterby, 1991). Keeping track of 
which cows ·are eligible for bST injections is more involved as herd size increases. Use of bST has 
improved the management of many large dairies. It has required better record keeping and more 
frequent cow observations. 

·s 
-- ~·. 

Computer generated lists of "candidate" cows eligible for injections based on days in milk are 
used for initial identification. Candidate cows musmhen be evaluated individually for adequate 
body condition immediately prior to injection. Some of the response to bST may be the result of 
better and more frequent cow observations and improved feeding management required with its 
use. 

SUMMARY· 

Proper nutrition management is for the most part the same regardless of the size of a dairy. Larger 
dairies require more employees. The owner or manager cannot be directly involved with every 
aspect of the dairy on a daily basis. They must rely on properly trained personnel. ·Feeding 
programs must be effective, but routines should remain as simple as possible for employees. 

"/ 
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FINE-TUNING NUTRITION TO OPTIMIZE REPRODUCTION 

R. P. Lemenager 
Department of Animal Sciences 

Purdue University 

Many factors affect profitability in a commercial beef cattle operation. These factors can be grouped into 
four primary areas: 1) calf weaning weights, 2) percent calf crop weaned per cow exposed, 3) annual cow 
maintenance ~ost, and 4) price of calves per pound. When one analyzes components of these four factors, 
feed cost swfaces as one of the key items affecting profitability. An example of how feed cost influences 
profitability comes from Iowa State University through their beef cow business records system. When 
producers were compared, high profit producers had an average annual cow cost of $297 compared to an 
annual cow cost of $413 for lower profit producers. Of this $116 difference, 35 percent was due to 
differences in feed and pasture. In addition. these data pointed out that the more profitable cow herds 
produced an average of 121 additional pounds of calf per cow and had a 3.7% higher calf crop, even 
though they invested $40 less in feed and pasture. 

Efficiency in pie cow-calf enterprise depends largely on the reproductive performance of the cow herd. It 
has been said that reproductive performance in beef is five times more important economically than growth 
and ten times more important than product quality. The effect of nutrient deficiencies on reproduction has 
been recognized for many years. A review of the literature points out that the principal factor influ~ncing 
reproduction is general undemutrition due to feed shortage or poor feed quality. If cattlemen are going to 
maximize return from their resources, they must match feed resources with biological type of cow, take 
advantage of new advances in technology. and utilize those management tools which optimize cow herd 
performance. 

The effect of nutrition on reproduction has been reviewed by numerous researchers. In general, these 
reviews suggest: 1) failure in reproduction may occur when beef cows receive diets deficient in energy. 
protein, phosphorus, manganese, copper. cobalt and zinc; 2) most cases of protein, vitamin and mineral 
deficiencies are confounded with the effects of low energy intake; and 3) under practical management 
conditions, much of the variation in reproductive performance of beef cows may be accounted for by 
differences in tota} energy intake and body condition. 

Since the common factor among these conclusions is energy intake, this review will focus primarily on how 
ern;rgy and, to a l.esser extent minerals, vitamins and proteins, relate to body condition score (BCS), · 
reproductive performance and reproductive function of beef cows. Specifically, this discussion will: 1) 
briefly review mineral and vitamin effects on reproduction; 2) review the interactions of nutritional status 
with reproduction; cµld 3) suggest a nutritional strategy to optimize reproduction. 

' 

Mineral and Vitamin .Effects on Reproduction 

The widespread occurrence of phosphorus (P) deficiency in cattle under natural conditions has been 
recognized by a number ofresearchers. Since most forages contain inadequate levels of P, the 
requirements for growth, late gestation and lactation cannot be met under normal conditions without 
supplementation. A deficiency of P has been associated with delayed sexual maturity, anestrus, low 
conception rates and reduced milk production. 
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Manganese (Mn) deficient cows have shown delayed estrus and lower conception rates: In most areas of 
the United States, however, Mn is not a problem since grains and forages generally contain adequate 
amounts of this element 

Copper (Cu) deficiency among grazing ruminants is widespread, and supplemental Cu must be provided in 
many areas of the world. Cu deficiency is associated with suppression of estrus, periods of temporary 
sterility and iron in hemoglobin synthesis. -

The most severely deficient cobalt (Co) areas of the United States are parts of New England and the 
Atlantic Coastal Plain with the Midwest ~d Great Lakes region being marginally deficient Cobalt 
deficiency has been associat¢ with delayed sexual maturity. , 

Impaired reproduction has been reported with zinc czri) deficiency under both exi>erimental and practical 
feeding conditions. It has been shown that the phytate present in plant proteins and calcium can interfere 
with absorption of Zn. - -

Other minerals of potential concern under certain conditions are sulfur (S), selenium (Se), magnesium (Mg) 
and fluorine (Fl). Sulfur deficiency has been associated with reduced weight gain, decreased milk 
production and secondary protein deficiency. Ruminal effects of S deficiency are lowered numbers of 
rumen microbes, reduced digestion, decreased microbial synthesis, poor utilization of non-protein nitrogen 
(NPN) and inability of rumen microbes to convert lactate to propionate. Most diets are adequate in S 
except when NPN replaces natural protein. ~elenium deficiency has beer:i recognized in recent years as a 
more serious.problem among grazing animals than its toxicity. White muscle disease is the major sign of 
severe Se deficiency in ruminants. A reduction in the incidence of retained placentas in dairy cows has 
been reponed when supplemental Se-was used. Magnesium deficiency is most commonly associated with 
grass tetany early in the grazing season with older cows shortly after calving. Fluorine, on the other hand, 
is toxic in small amounts. Excess fluorine in the ration has resulted ,in delayed estrus following calving 911d 
lowered birth weights of newborn calves. 

- _, 

Most of the vitamins (C, D, E and B complex) are either synthesized by rumen microorganisms or are 
available in common feeds and are not of practical concern under normal conditions. Vitamin A deficiency, 
however. does occur naturally in cattle grazing dry winter pasture or consuming low quality crop residues 
and forages. The deficiency symptoms (!.re birth of dead or weak calves, frequent occurrence of retained 
placentas and reduced conception.rates. , -

Proper supplementation is recommended to minimize the effects of _mineral and vitamin deficiencies on 
reproduction. Most states recommend using trace mineralized salt (lMS) plus P (usually a minimum of 
8%) in the form of dicalcium phosphate when cattle are consuming high forage diets. The trace mineral 
content of TMS is not a consistent formulation and may contain different levels of trace minerals by 
manufacturer. A trace mineral pack may need to be formulated for inclusion with salt by geographic 
region. Vitamin A can be stored by the liver for a period of time following the grazing season. It is 
generally recommended that vitamin A either be included in the mineral or protein supplement or that 2 
million IU be injected in early winter. 

Interaction of Nutritional Status With Reproduction 

Diets containing sub-maintenance levels of energy have resulted in delayed onset of puberty, prolonged 
postpartum anestrus, enhanced effects of suckling on anestrus, and an increased onset and duration of 
seasonal anestrus. Inadequate protein intake can also result in reduced pregnancy rates in cows receiving 
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diets containing equal energy. Nutrition in the postpartum cow is especially important since several 
biological events (maximal lactation, uterine involution, return of cyclic functions, conception and early 
embryonic development) are overlapping and competing for available nutrients. It has been hypothesized 
that nutrition during this time dramatically affects reproduction because the mammary gland and growth in 
young females take priority over the reproductive system in utilizing available nutrients. 

Many reproductive experiments have assumed that nutritive status is similar among animals within a given 
tre(ltment group. Such an assumption, however, ignores differences that may exist among animals due to 
body composition. Research has shown that body composition can be easily and accurately estimated 
through the use of oody condition scores. Table 1 gives a description of the commonly used 9-point _ 
system. A BCS system should provide a means to group animals that have similar body composition and. 
nutritional requirements. Researchers have demonstrated that BCS is a reliable method ofestimating body 
composition and energy reserves in the live animal. Recent reviews ofthe literature have emphasized the 
importance of BCS as a practical indicator of nutritional status and its effect on reproduction in the 
postpartum cow. 

Why Are Body Condition Scores Important? 

Body condition scores allow producers to sort cattle according to their nutritional needs, thus improving the 
efficiency of nutritional programs. For example, changes in body condition can be used a5 a guideline by 
cattlemen to accurately reflect the level of nutrition being received by cows without having to ~eigh the 
cows. This is possible because of the strong linkage between body condition and weight change. Thus, as 
body condition score drops or increases, corresponding weight changes will occur. 

Body condition also provides an excellent means of describing an animal. For example, a-body condition 
score three English breed cow (this will vary by breed) will often weigh 925 to 975 pounds. ,_ 
Characteristically, she will show no fat cover as previously described and, if slaughtered, her carcass would 
have approximately nine percent fat. In contrast, an English-bred cow with a body condition score of five 
will often weigh from 1000 to 1075 pounds and will have a carcass that would consist of eighteen percent 
fat A similar cow with a body condition score of seven will be in the range of 1200 to 1275 pounds and 
would have a body fat content of twenty-seven percent. 

Are Body Condition Scores Linked to Reproductive Performance? 

-Excellent research in recent years has linked the percentage of body fat of beef cows in specific stages of · · 
their productive cycle to reproductive performance and overall productivity. Since body condition scores 
reflect the relative level of fatness of beef cows, it stands to reason that body condition scores are also 
related to reproductive performance. Some of the original work that made this relationship evident was 
conducted in 1975 at Colorado State University. Data in Table 2 summarize this work and show that cows 
in varying body condition at calving differ greatly in how long it took them to resume cycling once they had 
calved. 

How Can Cattlemen Effectively Use Body Condition Scores in Their Programs? 

Keep in mind that it is extremely important to strive for a body condition score at calving time that will 
allow the cows in your operation to be reproductively and economically efficient. This won't be the same 
for every operation nor will it be the same in different parts of the country. Nevertheless, research data 
indicate that, on the average, cattlemen should strive for a body condition score of five at calving in mature 
cows. In contrast, two-year-old, first-calf heifers may need to have a body condition score of 5.5 to 6.0 
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simply because they have an additional nutrient requirement for growth as compared to mature cows. This 
slight increase in condition in young cows can help compensate for the additional nutrient demand for 
growth and help these cows resume cycling activity in a timely manner. 

TABLE 1. WHAT ARE BODY CONDITION SCORES? 

Body condition scores are numbers used to suggest the relative fatness or body condition of the beef cow. 
The most commonly used system in the United States is one. that ranges from one to nine with a score of 
one representing very thin body condition and nine extreme fatness. A cow with a body condition score of 
five should be in average flesh and represent a target that many cattlemen strive for. The nine-point body 
condition scoring system is describecfbelow. 

Nine-Point Body Condition Scoring System 

1) Emaciated. Bone structure of shoulder, rib, back, hooks and pins is sharp to the ~ouch and easily 
visible. Little evidence of fat deposits or muscling. 

2) Very Thiri. Little evidence of fat deposition but some muscling in the hindquarters. The spinous 
processes feel sharp to the touch a,nd are easily seen with space between them. 

3) Thin. Beginning of fat cover over the loin, back and fo~ribs. The backbone is still highly' visible. 
Processes of the spine can be identified individually by touch and may still be visible. Spaces 
between the processes are less pronounced. 

4) Moderately Thin. Foreribs are not noticeable but the 12th and 13th ribs are still noticeable to 'the eye, 
particularly in cattle with a big spring of rib and width between ribs. The transverse spinous · ,, 
processes can be identified only by palpation (with slight pressure) and feel round~d rather than' · -0~ 
sharp. Full but straight muscling in the hindquarters. 

5) Moderate. The 12th and 13th ribs are not visible to the eye unless the animal has been shrunk. The 
transverse spinous processes can only be felt with firm pressure and feel rounded but are not 
noticeable to the eye. Spaces between the processes are not visible and are only distinguishable with 
firm pressure. Areas on each side of the tail head are fairly well filled but not mounded. 

· · 6) Moderately Fleshy. Ribs are fully covered and are not noticeable to the eye. Hindquarters are plump 
and full. Noticeable sponginess over the foreribs and on each side of the tail head. Firm pressure is 
now required to feel the transverse processes. -

7) Fleshy. Ends of the spinous processes can only be felt with very firm pressfile. Spaces between 
processes can barely be distinguished. Abundant fat cover on either side of the tail head with evident 
patchiness. 

8) Very Fleshy. Animal takes on a smooth, blocky appearance. Bone strucrure disappears from sight 
Fat cover is thick and spongy, and patchiness is likely. 

9) Obese. Bone structure is not seen or easily felt The tail head is.buried in fat The animal's mobility 
may actually be impaired by excessive fat 
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TABLE 2. BODY CONDITIONS AT CALVING AND HEAT AFfER CAL VIN Ga 

Body Condition 
at Calving 

Thin (1-4) 
Moderate (5-6) 
Good (7-9) 

No. 
Cows 

. 272 

364 
so. 

a Whinnan, Colorad0:State University, 1975. 

') • ' I ' • 

% in Heat - Days Postcalving 
60 90 

46 
61 
91 

66 
92 

100 

Producers also ,need to consider time of-calving when they decide.on a target body condition score at 
calving. For example, early calving cows can be slightly thinner than late calving cows simply because 
they have addiri;onal time to recycle and rebreed. Recent research 'at South Dakota State University 
reinforces this concept and is swnmarized in Table 3. 

TABLE 3. EFFECT OF BODY CONDITION SCORE ON PERCENTAGE OF COWS CYCLINGa 
•' 

Body 
Condition No. of % Cycling 
Score Cows May June ;,July 

~ -
""";·~ 

Early Calving Cows 

March condition score (prior to calving) 

!5: 4 45 10.0 28.2 70.5 
5 84 17.8 43.5 85.6 
6 43 41.9 77.5 97.5 

~ 7 25 45.9 76.6 94.7' 

Late Calving Cows 

March condition score (prior to calving) 

!5: 4 14 0.0 0.0 44.7 
5 41 7.5 26.0 74.4 
6 22 0.0 35.3 98.5 

~7 6 0.0 65.8 99.1 

a Pruitt and Momont, South Dakota State University, 1987. 

These data clearly point out the relationship between body condition score, time of calving and reproductive 
function. This relationship should encourage producers to sort cattle by body condition so that they might 
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optimize nutritional and reproductive effiCiehcy. Oftentimes this sorting may be done by age, which many 
cattlemen do anyway. In this cas~, two-year-old cows are separated from the mature cows so the younger 
cows cari be fed a higher plane of nutrition to ensure that they rebreed. To further improve the efficiency of 
this system, some cattlemen ~ also sorting their mature cows and feeding their thin mature cows with the 
two-year-old cows. This gives thin, mature cows an opportunity to consume larger quantities of higher 
quality feedstuffs which will often result in improved reproductive efficiency of the cow herd. 

) 

Fmally, body condition scores anow produc_ers to formulate nutritional diets. For example, if a producer 
has a set of BCS = 4 cows 60 to 80 days p~or to the start of calving, he needs to formulate a nutritional · 
program that will allow those cows to reach~average body condition by the time they calve (body conditicm 
score= 5 to 6). Most research has indicated that a cow will need to gain or lose approximately 80 to 90 
pounds of body weight to change one body condition score. Table 4 illustrates this concept and shows the 
proper weight gain necessary for cows of varying body condition prior to calving. For example, the weight 
gain needed by cows in moderate condition 120 days before calving is 100 pounds or 0.8 pound gain per 
day which accounts for fetal development In contrast, thin cows 120 days prior to calving must gain 2.2 
pounds per day or approximately 260 pounds. · · 

TABLE 4. NEEDED WEIGHT GAINS IN PREGNANT COWS IN DIFFERENT BODY 
CONDITIONsa 

W~ight Qain N~~d~d tQ Calving, lbs 
Calf Fluids 

At Needed at and Body Days to 
Weaning Calving Membranes Weight Total Calving 

Thin Moderate 100 160 260 120 
Borderline Moderate 100 80 180 120 
Moderate Moderate 100 0 100 120 
Thin Moderate 100 160 260 200 
Thill Moderate 100 160 260 100 

a.~iltbank, Brigham Young University, 1982. 

• ADG 

2.2 
1.5 
.8 

1.3 
2.6 



Similar differences are seen in cows varying in body condition after calving. In order for thin cows at 
calving to be in moderate body condition by 80 days postpartum, they must gain approximately two pounds 
per day (Table 5). It is important to reme1J1ber that cows are also nursing calves at this poii:it This 

TABLE 5. NEEDED WEIGHT GAIN IN LACTATING COWS IN DIFFERENT BODY 
CONDITIONS a 

Body 'Condition Weight Gain Needed to Breeding. lbs 
Needed at Body Days to 

At Calving Calving Weight Breeding ADG 

Thin Moderate 
Borderline Moderate 
Moderate Moderate 
Thin Moderate 
Thin Moderate 

a Wiltbank, Bri~am Young University, 1982. 

160 
80 
0 

160 
160 

80 
80 
80 
60 
40 

2.0 
1.0 
0 
2.7 
4.0 

creates an extra qemand for dietary energy and makes rapid weight gain more difficult for co~s after 
calving. Tilis further emphasizes the need for cows to be in moderate to near moderate body condition at 
calving for optimal reproductive perfonnance. 

If cows are in good to moderate body condition at parturition, they could lose some weight and condition 
after calving without affecting the postpartum interval. When cows are thin at calving, however, Jicreased 
postpartum energy _is needed to increase the percentage of females that will exhibit estrus during the··;, 
breeding seasol). Research has shown that thin cows brought to moderate body condition from precalvmg 
through early lactation responded by showing estrus activity 20 to 40 days earlier than moderately 
conditioned cows that were maintained at moderate to borderline condition. Likewise, it has been shown 
that when heifers calved in a BCS of 4 (scale 1 to 9) and were fed to maintain weight after calving, they 
had reduced ovarian activity and lower pregnancy rates compared to heifers that calved in similar body 
condition anci gained weight after parturition. Work at Purdue involved an integrated energy x , 
reproduction approach with all other nqtrients fed to meet NRC (1984) recommendations. In that study, 
energy-deficient, thin cows had a longer postpartum anestrous interval (Table 6); but if they cycl~d, first .. 
service conception rate was extremely high (Table 7). Also, cows in thin, optimum or fleshy BCS at 
calving had improved pregnancy rates when energy was manipulated to move cows toward moderate BCS 
before the breeding season when compared to cows moving away from moderate BCS (Table 8). This 
research suggested that mature cows should be between a BCS = 4.6 (scale= 1 to 9) and 5.7 at breeding 
(carcass lipid level of 15.8 to 20% and total empty body lipid of 13.3 to 17.8%) to optimize pregnancy 
rate. 

Many cattle are wintered in the United States on forages that are marginal to deficient in crude protein. 
The response to supplemental protein under grazing conditions is variable and dependent on forage 
availability, forage quality and environment. In general, positive responses to protein supplementation are 
expected with forages containing less than 6% crude protein. The effect of protein supplementation on 
reproduction, however, is variable. Some studies have reported minimal effects of protein restriction on 
postpartum reproduction while others have suggested that supplementation may increase reproductive 
efficiency. In a recent study using diets that were equal in energy, protein deprivation did not affect calving 
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difficulty, uterus involution or presence of the first ovarian follicle. However, a deficiency of protein 
tended to lengthen the postpartum anestrous interval and decreased t11e number of females exhibiting estrus, 
first service conception rate and overan pregnancy rate by 110 days postpartum . 

.., 

TABLE 6. EFFECT OF BODY CONDITION SCORE (BCS) AT PARTURITION ON POSTPARTUM 
INTERVAL (PPOa 

BCS PPI, days 

3 88.5 
4 69.7 
5 59.4 
6 51.7 
7 30.6 

a Adapted from Houghton e_t al., Purdue University, 1990. 

TABLE 7. EFFECT OF BODY CONDITION SCORE (BCS) AT BREEDING ON FIRST SERVICE 
CONCEPTION RA TEa,b -

BCS Conception Rate(%) 
,' 

3+ 10oc 
,_ 4.0 10oc 

4.5 94c 
5.0- 8ocd 
5.5 1od 
6+ 67d 

a Cows exposed to A.I. breeding when they individually reached 60 days postpartum. 
b Adapted from Houghton et al., Purdue University, 1990. 

c.d Means with unlike superscripts differ (P < .05). 

TABLE 8. EFFECT OF POSTPARTUM BODY CONDITION SCORE (BCS) CHANGE ON 
PREGNANCY RA TEa 

-i. 

BCS Status Pregnant(%) 

Thin ( < 5) and increasing CS 
Fleshy (> 5) and increasing CS 
Thin ( < 5) and decreasing CS 
Fleshy (> 5) and decreasing CS -
Moderate (5) and maintaining CS 

a Adapted from Houghton et al., Purdue University, 1990. 
b,c Means with unlike superscripts differ (P < .01). 
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loob 
75bc 
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The effect of p~~in deficiency appears to be related to BCS in much the same way as energy deficiency 
with properly supplemented cows maintaining more of their initial weight and BCS. It has been speculated 
that the increased production observed with protein supplementation is mediated throu_gh increased forage 
intake, which is Correlated with increased forage digestibility, rate of digestion and digesta flow through the 
GI tract. 

Nutritional Strategies to Optimize Reproduction 

Although Tables 5 and 6 indicate the weight gain needed by cows to reach moderate body condition during. 
the pre- and postcalving periods, they do not take into account the energetic efficiency of thin versus fleshy 
cows. Recent "research conducted at Purdue University has examined the role of energy in cow rations in 
lowering, maintairiing or raising cow ,body condition score. A system was developed that takes into · -
account the initial pody condition of cows and is similar to the net energy system currently used in growing 
and finishing cattle. In this system, the energy requirements of cattle are expressed in megacals (Meal). 
These energy urufs are usually expressed in two ways - first, as Meal of net energy for maintenance <NEm) 
and secondly, as Meal of net energy for gain CNEg)· These measurements are valuable tools in detellilining 
required energy levels but, unfortunately, little has been done until now to apply these concepts in 
nutritional programs for cows. 

Therefore, an objective of the Purdue study was to identify and recommend specific energy 
supplementation programs that will achieve a specific amount of gain over time in beef cows. Data from 
this study allowed the estimation of net energy necessary to change the weight of cows (NE~) that vary in 

body condition. For example, thin cows (body condition score= 3) only need 1.64 Meal of energy per 
pound of weight gain, whereas fleshy cows (body condition score= 7) need 2.97 Meal of energy per ... \)ound 
of weight gain. The reason for this variance is that a pound of gain on a thin animal is primarily made up 
of protein and water, whereas a pound of gain on a fat animal is predominantly made up of fat. Since it>. 
takes 2.25 times more energy to put on a pound of fat than a pound of muscle, it stands to reason that the·~~ 
net energy for gain is higher for fleshy cows than thin cows. Requirements for other condition scores are 

· i shown in Table 9. 

TABLE 9. NET ENERGY GAIN (NE~) IN COWS OF VAR YING BODY CONDITION 

Body Condition 
Score a 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Meal/Lb of 
Weight Gain (NE~) 

.98 
1.31 
1.64 
1.97 
2.30 
'2.63 
2.97 
3.30 
3.62 

a Body condition scores have been converted from a 5-point system to a 9-point system (Lemenager et al., 
Purdue University, 1991). 
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Table 10 stimmarizes additional data from this study and pennits producers to calculate the energy needed 
to meet a targeted weight gain. These data pennit the cross-referencing of various body weights to 
condition scores. In ·addition, the table takes into account the energy needed for fetal growth during the last 
trimester of gestation and the energy needed for average t:O superior milk production during lactation. 

TABLE 10. NET ENERGY REQUIREMENTS OF MA'.llJRE BEEF COWS 

Cow Wt., lbs 1000 1050 ·1100 .n5o 1200 1250 1300 "1350 1400 

NEra.Mcal/da 7.57 . 7.86 8.13 · "8.4r 8.68 . 8.95 9~22 9.48 9.75 

NEc, Mcal/d for 
fetal growthb .. 2.15 2.15 2.15 2.15 2.15 . 2.15 2.15 2.15 2.15 

. '' 

NE1. Mcal/d 
.:; . 

(average milk)c 3.40 3.40 3.40 3.40 3.40 3.40 3.40 3.40 3.40 

NE1. Mcal/d .. 
(superior milk)C 6.80 6.80 6.80 6.80 6.80 6.80 6.80 6.80 6.80 

.. 

Body condition scored Net Energy (NE~) required for 1-Lb of Weight Change, Meal/lb~ 

; 
1 .98 .98 .98 .98 .98 .98 .98 .98 .98 
2 1.31 1.31 1.31 1.31 1.31 1.31 1.31 1.31 1.31 
3 1.64 1.64 1.64 1.64 1.64 1.64 1.64 1.64 1.64 
4 1.97 1.97 1.97. 1.97 1.97 1.97 1.97 1.97 1.97 
5 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 
6 2.63 2.63 2.63 2.63. 2.63 . 2.63 2.63 2.63 2.63 
7 2.97 2.97 2.97 2.97 2.97 2.97. 2.97 2.97 2.97 
8 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 
9 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 

a NEm is calculated to be .077 Meal/kg w.75 which comes from .072 +allowance for activity. 

b Energy required for the conceptus (products of conception) during the last trimester of gestation with a 
weight gain of .9 lb/day. This is added to NEm during the last trunester of gestation to support a birth 
weight of 80 lb. 

c Energy required to support lactation. Average milk is 10 lbs of milk production/day; superior milk is 
20 lbs/day. This is added to NErn during lactation. 

d Approximately 90 lbs difference between condition scores. · 

e Adapted from Buskirk et al., Purdue University, 1992. 
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The following infoi'.rnation provides a step-by-step procedure for calculating the energy required to improve 
a cow's condition fyom thin to moderate, which is the most desirable condition for optimal reproductive 
performance. -

SITUATION 

A mature cow weighs 960 pounds at the beginning of the last trimester of gestation, but needs to 
weigh 1140 pounds at calving. 

Time to calving,;:: 90 days. 

Body condition score= 3 (thin). 

Desired body condition score= 5 (moderate). 

Weight difference between two body condition scores= 180 pounds. 

STEP-BY-STEP PROCEDURE 

1) Determine "the average· weight of the cow for the 90-day period. Start with the 960-pound cow 
with a body condition score of 3. Add 180 pounds to improve two full condition s.cores to a 5 

. (live weight= 1140 pounds). The average is (960 + 1140 divided by 2) = 1050 pounds. 

2) Calculate the average daily gain needed to change two full condition scores in 90 days (180 
pounds divided by 90 days= 2.0 pounds per day). 

3) Detennine the net energy for maintenance (NEm) requirement for a 1050-pound cow from Ta.~le 
10. This is 7.86 Meal/day. -~-.~ 

41 Locate in Table 10 the net energy requirement for fetal growth (NEc = 2.15 Meal/day). 

SI Add the net energy for maintenance (NEm) and net energy for fetal growth (NEc) together 
because they will be used with equai energetic efficiency. The net energy requirement of 7.86 
from Step .3 and the fetal growth requirement of 2.15 from Step 4 equal 10.01 Meal/day. 

i: · 61 Detennine the average net energy requirement per pound of weight change (NE~) from Table 10 
-

for a cow going from a body condition score of 3 to a body condition score of 5 and average 
· these two numbers (1.64 .+ 2.30 divided by 2 = i.97 Meal/day). 

7) Now calculate the net energy requirement for 2.0 pounds of gain per day (2.0 pounds of gain per 
day x 1.97 Meal/day= 3.94 Meal/day). This calculation factors in the length of time 
(90 days) available to achieve the desired condition score. 

8) Calculate the net energy for maintenance (NEm) and net energy for gain (NEg) values of the 
ration. These numbers are calculated by multiplying the NEm and NEg values (Meal/lb) of 
each feed in the ration.( using NRC, 1984, Feed Tables) with the corresponding amount 
(percent) of each feed in the ration on a dry matter basis. Sum the products of each feed in 
the ration. This calculation is identical to that used by the feedlot industry. 
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PRECALVING RATION ON DRY MATTER BASIS 

% of NE a m Total NEni NEga Total NEg 

Ingredient Ration (Meal/lb) by lngred. (Meal/lb) by lngred. 

(Mcal/lb) ' : c . (Meal/lb) 

Shelled corn 45 x 1.02 0.46 0.70 0.32 
Corn silage 40 x 0.74 0.30 0.47 0.19 
Corn cobs 3 x . 0.44 0.01 0.19 0.01 
SBM (49%) 9 x 0.95 0.09 0.65 0.06 
Mineral 3 x 

100 ., ' 0.86. '._ 0.58 
0 

9) Using the calculated numbers from Steps 5 and 7, calculate the amount of ration needed per day 
. to obtain the desired endpoint. Divide the net energy for maintenance (NErn) requirement 
(10.01 Meal/day) by tl)e NEm value (.86 Mcalllb) of the ration~ This will give the a1!1ount of 
ration needed to maintain cow weight. Ne~t, divide the net energy for weight change (NE~) 

requirement (3.94 Meal/day) by the NEg value (.58 Meal/lb) of the ration to determine 
amount ofration needed for weight gain. . . . . · , · · 

EXAMPLE: 
' . ' . 

10.01 Meal/day divided by 0.86 Meal/lb of dry matter= 11.64 lb DM/day for maintenance 

3.94 Meal/day divided by 0.58 Meal/lb of dry matter = JJ.J.!J. lb DM/day for 2.0 lb ADG 
· Total daily ration 18.43 lb/day 

10) Don't forget that the recommended level of 18.43 lbs of feed/day represents ration dry matter. 
This means a final calculation is necessary to determine the daily supply, of" as-fed" ration. 
To do this, simply divide the lbs of ration dry matt~r by the dry matter content of the ration: 

EXAMPLE: 

18.43 lbs ration dry matter/day divided by 68% dry matter in this example= 27 .10 lbs of as-fed 
ration/day. A word of caution is in order. It may be necessary to reformulate the ration if 
the cow cannot, or will not, eat the amount of feed that has been calculated. 

Summary 

Cows should be sorted by body condition into thin, moderate and fleshy groups and fed separately 
according to their specific nutrient needs. This requires the use of a consistent body condition scoririg 
system at key points during the production cycle. Once cows are separated by body condition, flexible 
supplementation programs should be initiated to meet necessary weight changes for each group of cows 
based on environment, stage and level of production, and age. Every effort should be made to have cows in 
moderate body condition by calving. However, if cows are slightly thin at calving, they may still have a 
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good chance of conceiving by 80 days postpartum if they are provided extra energy after calving. Here are 
several key considerations for producers using a body condition scoring system: 

1) Keep the system simple! Thin cows are very angular With a visible skeletal structure, whereas fat cows 
, ~ppear. very square and smooth. Concentrate at first on separating thin, moderate and fat cows from 
. each other without getting too concerned about numerical body condition scores. 

2) Be consistent! Since body condition scoring is subjective, your score may vary somewhat from your 
I 

neighbor's scoring system. However, if one person is responsible for body condition scoring cows 
witbin a herd, relative differences can be consistently determined over a period of time. 

3) Take into account pregnancy, rumeri fill and age of the-cow when body condition scoring! Be sure you 
are evaluating body fatness when assigning a high body condition score. This requires that you 

- ' become familiar with the normal appearance of your cow herd during each stage of production. 

4) Be able to "look through the hair coat"! This is sometimes difficult when cattle have long winter hair. 
If you don't feel comfortable visually appraising the body condition of cows with long hair coats, 

· learn how to palpate for body fatness. 

5) Use body condition scoring at key times during the production cycle! Key times would include the 
beginning of the last trimester of gestation, parturition and at breeding. .-

6) Record body condition scores! If you take the time to condition score your cow herd, take advantage of 
the information available to you. If scores are recorded, you will be able to see how individual cows 
respond to varying levels of body condition or fatness in terms of nutritional and reproductive,. 
efficiency. By having this information, you can fine-tune nutrition to optimize reproduction. 
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ABSTRACT 

Dietary cation-anion difference has been defined as milliequivalents (Na.+ K) - (0 + S) per kilogram of 
DM and has a direct impact on blood acid-base metabolism. As this diff~rence decreases .one or more of 
the following.blood parameters change: increased H+, decreased Hco;, and decreased pH. These changes 
are accompanied by reduced urinary HCO~ excretion and pH as compensatory mechanisms. Although 
other minerals impact on acid~base metabolism, the four minerals used in dietary cation-anion difference 
have the greatest effect. Manipulation of acid-base balance can be used to manipulate other biological 
functions to benefit health and productivity of cows. Low cation-anion difference prepartum can mitigate 
hypocalcemia peripartum via increased urinary Ca, blood ionized Ca, and responsivene~s to Ca
horneostatic hormones. These changes have been shown to reduce the incidence of paresi~ and increase 
productivity by reducing the severity and length of hypocalcemia in all cows (periparturient) r~gardless 

'of the occurrence,of paresis. Reduced cation-anion differences prepartum has been related to a reduced 
severity of udder edema, likely related to increased renal loss of water and no change in water U1takes. 
However. the effects on acid-base balance cannot be ruled out because of effects on biochemical and 
transport processes. Elevated cation-anion difference in lactation has been shown to increase DMI :~d 
production and 'to mitigate effects of heat stress .. Because production and heat stress are acidogenic~ 
elevated cation-anion difference improves blood buffering capacity to cope with H... In heat stress, 
elevated water intake with elevated cation-anion difference cannot be ignored. Other metabolic acid
related diseases may be influenced· by elevated cation-anion difference in lactation such as laminitis and 
ketoacidosis, however, research in these areas has not been forthcoming. 

INTRODUCTION 

Much attention has been paid to requirements for maintenance and production of the major nutrients: 
protein. carbohydrate, fat, vitamins, and minerals. Requirements are usually established in feeding trials 
using graded levels of nutrients and defining optimal performance or blood concentrations by a factorial 
approach utilizing the knowledge of nutrient costs for maintenance and production or by simulating the 
animal itself as a computer model. Recently, ruminant nutritionists have been devoting much effort to 
subdividing the major nutrients into more specific subclasses of nutrients to define requirements more 
precisely and in an effort to allow better ration formulation from chemical analyses of feeds. Protein, for 
example, is expressed as rumen degradable and undegradable protein and NPN; carbohydrates are being 
divided into structural and nonstructural as well as rumen degradable and undegradable components. 

For the most part, the· subdivisions of the major nutrients have been defined into three or four subclasses 
which has allowed researchers to evaluate probable levels for inclusion in rations. Because of the small 
number of subclasses, the interactions between nutrients have been relatively easy to study. Minerals 
present a very different picture. This class of nutrients presents a plethora of individual components that 
are each required by the animal, yet minerals have been subdivided into only two subclasses, macromineral 
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and micromineral. Furthermore; the basis for this subdivision is not ba5ed on any biological phenomenon 
or functio_n but instead is based on the quantities that these minerals are found in the animal body and on 
the quantities that they are found in rations - hardly a basis for ration formulation. Yet minerals are more 
integrally a part of all biological functions in the anilnal than any other. The function5 include expression 
and regulation of genes, enzyme systems that regulate cellular function, osmotic balance, detoxification, 
acid-base balance, and their structural roles (i.e., bone) to name a few. 

The objective of this paper is to focus on the balance of dietary fixed cations (Na+ and K•), the fixed 
anion, er, and the acidogenic anion, s·, as S04, on acid-base balance in the cow and its potential effect 
on production and health. 

Balancing Anions and Cations in Rations 
The concept of balancing rations for anions and cations is not new in animal nutrition and has been used 
ill formulating rations for poultry with the concept explained by Mongin (42) .. However, ruminant 
nutritionists have not utilized this concept, probably because of scarce research data and confusion as to 

. . 

how the concept applies to rations for cattle. Most of the confusion lies in ill-defined terminology; terms 
such as anion gap, alkali-alkalinity, acidity-alkalinity, cation-anion difference, and cation-anion balance 
of rations have been used to denote the same concept. Additionally, there.is.no definition as to when the 
concept should be applied. 

To exparid on this concept, the term "fixed ions" refers io bioavailable ions that are not metabolized, 
namely Na+, K• and a·, and that the fixed ion balance plays a major role in determining acid-base balance 
in biological fluids (52). Some researchers include S in this calculation (2, 10) for,. although S is not a 
fixed ion, stilfates directly acidify biological fluids and can alter acid-base balance if included at high 
dietary concentrations (7, 62). Therefore, for this text, . we will only consider dietary cation-aBion 
difference-(DeAD) as milliequivalentS of (Na•+ K+) - (Q· + s=) perJcilogram of dietary DM. 

' . 

The anions, a· and S"', should be balanced in a ration against the cations. Na• and K+, to optimize the 
physiological functions of the animal. Ultimately, the cells of the body would be presented with these 
minerals that will have to be utilized in metabolism. These particular minerals (Na+, K+, e1·, S) have 
been chosen to calculate oeAD because their importance in ruminant metabolism lies in their indirect 
participation in osmotic balance, acid-base balance and integrity and pumping mechanisms of cell 
membranes. The concept also necessitates that the minerals in question are not in deficient or toxic levels 
in the ration. A deficiency or toxicity will be the more important phenomenon and must be rectified 
be(ore any effect can be seen by adjusting the balance of anions and cations. 

Following the concepts of Mongin (42) for poultry and Dishington (10) for dairy cows, the DeAD is 
calculated as milliequivaltns of (Na•+ K+) - (a·+ S). The equation itself is easily calculated. However, 
soine of the reasoning behind its use as it appears in the literature is faulty; hence, misconceptions appear. 
It must be remembered that only some of the total dietary· anions and cations are u~~d to calculate DeAD. 
Indeed, if all feed ions were included, the total anions and cations would have to be i11 equivalent amounts 
for a DeAD of zero because feeds were living tissues that must~ electrically neutraJ. 

Another concept leading to confusion is that anions form acidic residues (acidogenic) and that cations form 
alkaline residues (alkalogenic) in the organism. This concept is incorrect. For example, HPOt and NH/ 
both act as proton donors (alkaline buffer) even though.one is an anion and the other a cation. Similarly, 
no reactions occur where Na• or K+ form alkalis; however, theseions, as well as er and SO/, indirectly 
affect the H+ concentration in the body via buffer systems, kidney function, and· cellular respiration . 

. . :1'.,. 
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Therefore, DCAD, as described above does not determine the acidogenic or alkalogenic properties of feeds 
but can affect metabolic processes in the animal by the absorption and metabolism of these ions. Probably 
the µtdirect participation of the ions in kidney function, buffer systems, and cellular maintenance is 
responsible for any effects observed from altering the balance of these ions. 

Potential Roles in Metabolic Processes 
for Balanced Anions and Cations 
Some authors (10, 11, 40) have suggested that cations and anions are alkalogenic or acidogenic. This 
assertion probably is not true; however, much evidence exists for their role in the acid-base status of the 
animal. It is in this role that the balance of anions and cations probably has its primary, but not sole 
effect on metabolism. 

The Na+ - K+ pumping mechanism of cells often is taken for granted. this mechanism actively maintains 
high levels of K+ and low levels of Na+ intracellularly and requires energy in the form of ATP. In fact, 
this i;nechanism has been estimated to require up to 40% of the energy required to maintain cells (41). 
The Na+ - K+ pump operates constantly and independently of other metabolic processes. however, Figure 
1 illustrates how the pump also operates in conjunction with entry of glucose into a cell. Considering that 
glucose is the main source of cellular energy, it is obvious that a slow-down of the Na+ - K+ pump would 
not. allow cells to operate at full potential, especially for the active mammary gland for which high 
quantities of glucose are used for lactose synthesis. Obviously, excesses of one cation in relation to the 
other can cause the pump to slow (causing the cell to use less energy in pumping but obtain less glucose) 
or to speed up beyond an optimal level (creating a higher energy requirement to maintain the cell). 
Eventhough Na+ and K+ pumping requires ATP. the entry of a glucose molecule will yield a positive ATP 
balance within the cell. An area of mineral metabolism that has not been investigated is the potential for 
manipulating dietary Na+ and K+ .to cause an increase in cellular energy expenditure with a netiPincrease 
of cellular glucose uptake. 

Excretion of Na+ and K+ in urine involves a reciprocal relationship by which K+ is conserved by the body 
at the expense of Na+. Excess of one cation versus the other can cause an induced deficiency. For 
example if dietary K+ is high relative to Na+, the kidney may cause an induced Na+ deficiency even if 
dietary Na+ levels are in accordance with nutrient requirements and vice versa. 

Another process involves intestinal absorption. In the posterior segment of the intestine. er is absorbed, 
when it is in excess of Na+, in exchange for a HCQ3· to maintain electrical neutrality. If insufficient Na~ 
is present to allow the absorption of (neutral) NaO, an excessive drain of blood HC03- can lead to an 
acidotic .condition. Alternatively, there is potential for intestinal . exchange of _ingested Na+ with 
circulating H+ in blood when Na+ is in the intestine in exce$S of o·. which would lead to a metabolic 
alkalosis. In fact, this particular mechanism may explain why Schneider et al. ( 49) found a· response in 
FCM when either NaHC03 or NaO were added to a ration for cows. The Na+ exhibited an alkalogenic 
effect as suggested by Leach (35). In addition, the alkalogenic effect of Na+ potentially can be detrimental 
under certain circumstances (if not balanced with en with current practices of supplementing dairy rations 
with NaHC03 without altering dietary NaCl to compensation for extra Na+. 

The mobilization of H+ in the proximal .tl.Jbules of the kidney and secretion of H+ as well as ammonia 
production i.i1 the distal tubules of the kidney all depend on reabsorption of Na+ to neutralize electrically 
the absorption of HC03- from the tubule cell to the blood (Figure 2). If excess Cl" is present in the 
glomerular filtrate, o- in the filtrate and HC03- in the cell may exchange, resulting in NaO reabsorption 
and a reduction of HC03- absorption. Furthermore, when the animal is under the stress of mild acidosis 
in extracelluar fluids, the kidneys conserve HC03- ions by reabsorption; the. reve~e is tr:ue for alkalosis 
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(19). To maintain ~electrical neutrality, the Cr ion is exchanged with HCQ3• from tubular fluid because 
of a preponderance of Cr in extracelluar fluids. In this manner, optimal levels of Cl" in relation to other 
ions are needed to maintain acid-base balance. 

The final mechanism to be discussed is the phenomenon called the chloride shift. This phenomenon is 
illustrated in Figure 3, which depicts an integrated approach of erythrocytes in tissue, plasma, and· lung 
while maintaining electrical neutrality. Figure 3 shows the principal prot_ein buffer in blood, which is the 
potassiwn salt of oxyhemoglobin (KHbO:i) in erythrocytes. Carbon dioxide produced from tissue 
metabolism reacts with H20 to form H2C03 inside the_ erythrocyte, catalyzed by carbonic anhydrase. Some 
of the H2C03 enters the plasma, and the rest reacts with K.HP02 to form HC03·, thus liberating oxygen 
for respiration and K+ from KHb02• The HC03"' enters the plasma in exchange for CL · Sodiupl 
bicarbonate is formed in pl~ma, and the a· that entered the erythrocyte is neutralized by the K•. released 
in the exchange of Hco3• with a·. This reaction is reversible in the lung where a· transfers back to the 
plasma liberating K+ to buffer a newly formed KHb02• The a· that transfers back to plasma neutralizes 
the Na• released when HC03- reenters the erythrocyte for removal of C02 in respiration. If these ions are 
out of balance with each other, even if present in nondeficient and nontoxic quantities, the production of 
alkalosis or acidosis is possible-via.insufficient exchange of HCQ3• and H• (19, 22). 

Responses of Ruminants to Balancing 
Dietary Anions and Cations 
Very few trials reported in the literature deal with the subject of DCAD for ruminants. In fact, a majority 
of research trials reported on the subject of any one of the minerals in question disregards the other 
minerals in that they are not presented in ration composition tables. This result is especially disturbing 
because if a· is being studied it can only be added to a ration as a salt in combination with a cation (e.g., 
Na•, K+, or Mg2•). Thus, the study of one mineral in diets for cows necessitates altering its balan&e with 
other minerals. 

Based on the previous discussion, the major impact of DCAD obviously will be on acid-base regulation. 
However, this may not be reflected in a measurement of blood pH. Blood pH is the sum total of all 
reactions in the body, is highly buffered, and is maintained within narrow limits by kidney and respiratory 
functions. The changes in acid-base status must occur within the cell and exert their effects on cell 
function by altering the activity of enzyme systems because enzymes, being proteinaceous compounds, 
require particular pH conditions for optimal activity. 

Erdman et al. (14) demonstrated that the indices of acid-base status in cows tend toward alkalinity with 
increasing time postpartum. Blood pH, HC03 and partial pressure of C02 (p(:02) increase with DIM. 
However, the literature is devoid of any associations between whole . animal acid-base status and 
productivity. Under normal conditions, urinary pH of cows is regulated by HC03• and ammonium ion 
excretion with an alkaline urinary pH (50, 51), which is unlike other species that use phosphate excretion 
to control urinary acid excretion (13, 14). Therefore, as discussed, the ions Na• and a· are intricately 
involved in urinary acid excretion. 

Erdman (12), in a review of buffer requirements of dairy cows, made a good case for perturbations in 
blood pH, HC03, and pC02 caused by environmental temperature. However, changes in these parameters 
caused by diet have not been investigated. Erdman (12) also.pointed out that, although NaHC03 tends 
to increase blood pH, HC03·, and pC02 when these values are depressed by high environmental 
temperatures (heat stress), whether the response is due to NaHC03 or to Na• alone is uncertain. Schneider 
et al. (49) suggested that production and intake responses to NaHC03 when cows are heat-stressed are due 
to increased dietary Na• and not due to a need for Hco; In the same review. Erdman (12) cited 

: literature showing that responses of cows appear to be more consistent with·added dietary Na• in the fonn 
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of NaHC03 than as NaO leading the reader to assume that the added HC03- from NaHC03 has some 
specific role.- Using the previous discussion on DCAD, however, one cannot yet conclude a specific role 
for HCCJ;" as implied by Erdman (12). When calculating DCAD, added NaHC03 would lead to a more 
positive number than would NaO because Hco-;- is not in the equation. Therefore. NaHC03 would be 
more alkalogenic than would NaO even at equivalent inclusion rates of Na• from both SQurces. 

' 

This theory is further illustrated from literature data when NaHC03 was included in diets and DCAD was 
calculated. It is well documented (43) that NaHC03 added to rations for dairy cows with low 
concentrations of fat in their milk will partially correct milk fat levels when the low concentration of milk 

' fat is due to. low forage-to-concentrate ratios in the diet. The response in this case probably is due to a 
specific buffering effect by NaHC03 in the rumen and replacing NaHC03 lost because of low salivary 
flow rates. Tucker et al. (57) suggests that rumen pH does increase with increasing DCAD. However, 
this conclusion is equivocal because they increased dietary cations (Na and K) by using HC03 salts; the 
HC03 may haye influenced rumen pH to a greater extent than either the Na or K. The effects of added 
NaHC03 to rations that do not create a depression in milk fat is less clear, and the reason for the lack of 
clarity may be in the DCAD of the ration. For example, Kilmer et al. (34) added NaHC03 to rations that 
did not depress milk fat and found little or no response of cows over the duration of the trial. However, 
the control and buffered rations contained an equivalent DCAD (220 and 270 meq kg·1 of ration DM, 
respectively) when calculated as milliequivalents (Na• + K+ - o-). The equivalent DCAD were because 
the Na• of NaI:IC03 replaced the Na• from NaO in the buffered ration. Conversely, St. Laurent and Block 
(53) found more responses to NaHC03 when NaHC03 was added in addition to the basal level of NaCl 
in the control ration, thus increasing the DCAD in the buffered ration. 

The importance of DCAD in ruminant nutrition was reviewed by Wheeler (61). He reviewed a number 
of papers and summarized the improvement of weight gain in steers and in milk production Qf cows 
occurs when the DCAD (milliequivalents (Na• + K+ - o-)) was approximately 100 kg·1 of ration DM. 
Although no specific recommendations can be made on optimal DCAD, a case can be made for the h~~.d 
for further research in this area. For example, Fettman et al. (16) studied the effects of supplemental ·d
in rations for dairy cows. They found that as dietary er was increased from 0.10 to 0.45% of the ration 
DM, feed intake. live weight and milk production increased. The rations fed differed only in er (Na• and 
K+ were held relatively constant). The DCAD (milliequivalents (Na•+ K+ - 0")) was decreased from 279 
to 177 meq kg· 1-of ration DM as o- increased. · 

The problems in .extrapolating data from the review by Wheeler (61) or Fettman et al. (16) is that milk 
_ production was not sufficiently high to make a specific recommendation for DCAD in lactatio_n. 
Unfortunately, few other cases are reported for which any recommendation~_ can be made on optimal 
DCAD for lactating dairy cows because of inadequate data. It appears logical, however, to keep the 
DCAD highly positive (cationic) for lactating cows because these cows have a high metabolic rate and 
because the cellular environment tends to . be acidotic. Keeping the balance highly positive would 
necessitate higher dietary Na• anq K+ relative to Cl", thus counteracting the acidotic condition with th~ 
alkalogenic effects of Na• and K•. _Support .for this hypothesis was given by Tucker et al. (57). Those 
authors used cows from 3 to 8 mo. postpartum and demonstrated that cows fed a positive DCAD of +200 
meq kg·1 (calculated as meq Na +_K - 0) .Produced more milk than cows fed a DCAD of -100 meq kg·1

• 

Additionally, blood pH and HC03 and urinary pH increased linearly with DCAD. Similar results were 
reported by West et al. (60). The ideal DCAD for lactating cows would, however, change as lactation 
progresses and milk production decreases (i.e. metabolic activity _declines). Theoretically, the DCAD 
should be high at the beginning .of lactation and decrease progressively throughout the lactation, which 
may explain why buffers_ such as NaHC03 have little effect on cows that are beyond 100 DIM when 
receiving a ration that does not depress milk fat (43). Support for this hypothesis was shown by Delaquis 
and Block (9). Cows in early and midlactation responded to a positive DCAD with higher milk yield but 
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not cows in late lac~tion. Cows fed the positive DCAD also eX:creted more Hco-;- in urine at all stages 
of lactation. 

West ·et al. (59) demonstrated that increasing DCAD increased DMI in heat-stressed cows. They 
hypothesized that the increase in blood buffering capacity with higher DCAD was responsible for the 
increase in DMI. The increases in blood buffering capacity and DMI have also been reported for cows 
that were not heat-stressed (8, 60). Although elevated blood buffering may be part of the reason for 
increased DMI with increased DCAD. w·ater intake also must increase with increases in DMI, milk 
production or both. Delaquis (8) showed that there were incre~ses in water intake,· water absorption. and 
urine volume with elevated DCAD and·no significant alterations to glomerular filtration rate or effective 
renal plasma flow. 

More work has been generated on the role of DCAb for preparturn cows for the prevention of milk fever. 
Basically. milk fever occurs a( thednitiation of lactation when Ca2

• is drained from blood for colostrum 
synthesis and is not replaced rapidly enough from intestinal absorption, bone mobilization (resorption), 
and reabsorption in the kidney, resulting in paresis tetany of muscles and, if untreated, death of the animal. 

Prevention of Milk ·Fever 
Prevention is the mo'st desirable means of reducing the economic losses occurring from milk fever. These 
losses include loss of milk, veterinary costs, labor costs, and possible loss of the cow (2). Because of the 
importance of Ca metabolism in the etiology of milk fever, preventive approaches have beeri focused in 
this direction. Dietary manipulations and injections of vitamin D3 and its metabolites have.been reported 
as possible methods for reducing the incidenc~ of the disease. 

Oral and intramuscular doses of vitamin D3 have prevented milldever successfully (25, 31, 32). However, 
repeated treatments necessitated by inaccurate prediction of date of parturition may lead to toxicity (39). 
The metabolites of vitamin D3 (hormones) are more active in metabolism of Ca and have been u~ed 
successfully to prevent the disease (20, 47, 48). However, the active metabolite, 1.25 dihydroxyvitamin 
D (l,25(0H)2D3), was reported to be higher in the blood of cows with milk fever (27, 29, 33). Therefore, 
Horst and Reinhardt (28) hypothesized that cows with milk fever have a reduced sensitivity (via 
interference or low receptors for the hormone) to 1,25(0H)2D3. 

Parathyroid hormone (PTH) is involved in Ca homeostasis, however. PTH also is higher in blood of cows 
with milk fever (27). Therefore, the direct cause of milk fever does not lie in hormone production but, 
s_omehow, in the activity of the hormones on their target issues (bone, intestine, and kidney) to keep Ca 
constant in the blood at calving. Might the activity of hormones be affected by the acid-base status within 
the target cells? 

Manipulation of DCAD has also been shown to prevent milk fever in dairy cows: Dishington (10) 
successfully prevented milk fever in 92% of cases when prepartum dairy cows were fed rations with a 
negative DCAD [calculated as milliequivalents (Na•+ K•) -co- + s-)1 and a high Ca content A better 
response to the diet occurred when dietary concentration of Ca was high (11), which was explained by 
Lomba et al. (40}, who showed that absorption of Ca from the intestine increased as DCAD decreased. 
Block (2) showed a 47% incidence of milk fever when prepartum cows were fed a ration with a DCAD 
[calculated as milliequivalents (Na• + K•) - co- + S")] of +330.5 meq kg-1 of DM and a zero incidence 
when the prepartum ration had a balance of -128.5 milliequivalents kg-1 DM. Oetzel et al. (46) also 
showed a reduction in the incidence of milk fever, regardless of dietar)' Ca, when a DCAD of -75 meq 
kg-1 of DM was fed compared to a DCAD of + 189 meq kg-1 of DM in prepartum diets. Sulfur was 
included by these workers because of the acidifying effect of S04 in biological fluids as demonstrated by 
~~. . 



Block (2) and. Goff et al. (23) found that the concentration of plasma Ca .. was higher in cows fed the 
negative DCAD during the periparturient period, and Oetzel et al. (46) found that plasma ionized Ca was 
higher at calving ·when DCAD was negative. nus result'was also reported in a kinetic study with sheep 
(56). Diges~bility of Ca was not determined in the trial by Block (2). However, :he found that the 
maintenance of blood Ca in cows fed the negative DCAD was partly a result of an increase in bone 
mobilization,. as indicated by hydroxyproline. 

Leclerc and Block (36) fed four different rations to prepartum cows with DCAD [milliequivalents (Na+ 
+ K+) - (Cl"+ S)] of 400, 200, 100 and 50 meq kg·' of DM and found that the correlation between DCAD 
and concentration of plasma Ca was -.51 from d 2 prepartum to d I postpartum (Table 1). In other words, 
as DCAD was reduced, concentration of plasma Ca increased regardless of paresis. No change was 
observed in apparent digestibility of Ca, which is in contrast to results of Lomba et al. (40). _The reason 
for the higher blood Ca in the trial by Leclerc and Block (36) was a result of higher bone mobilization. 
indicated by hydroxyproline, as dietary DCAD was reduced. 

In feeding trials with sheep, Takagi and Block (54) showed that, as DCAD was reduced, apparent 
digestibility of Ca did not change, but retention of Ca was reduced by an increase in urinary excretion. 
In a subsequent trial, those researchers fed rations to sheep with progressively lower DCAD and infused 
EDT A to deplete Ca from blood (55). The results indicated that sheep fed the lower DCAD were more 
resistant to depletion of blood Ca. Although not measured, we hypothesized that at the lower DCAD the 
bone was in a state of mobilization, thereby preventing a sharp decline in plasma Ca upo.n infusion of 
EDTA. 

Gaynor et al. (21) found results similar to those of Block (2). They (21) fed Jersey cows diets containing 
high Ca concentrations prepartum (> 1.0% Ca) with three different DCAD, calculated as milliequivalents • (Na+ + K+) - (Cl'), at 22.0 (anionic), 59.9 (intermediate) and 125.8 (cationic) meq 100g'1 of DM. It is 
interesting ro· note that these DCAD are equivalent to those of Block (2) if so;· were removed froqi the 
equation (22.1 a11d 50 meq 10og·1 of DM for the anionic and cationic diets of Block (2), respectively). 
Gaynor et al. (21) found that their anionic diet produced the fewest cases of milk fever and produced 
higher urinary excretions of Ca and Mg. Those workers also measured 1,25 (0H)iD3 in blood and found 
that cows fed the anionic diet had elevated concentrations of the vitamin at 3 days prepartum. As an 
explanation, they cited research using rats and dogs showing that tissues are refractory to PTH during 
metabolic alkalosis {i.e .• cationic DCAD), thereby reducing 1,25. (0H)2D3 production. Goff et al. ,(23) 
showed that a reduction in DCAD increased the production of 1,25(0H2)D3 per unit of PTH and thus 
reversed tissue resistance to PTH that develops at the end of pregnancy and onset of lactation. 

Further support for anionic DCAD to prevent milk fever is found in work by Fredeen et al. (17), who 
compared DCAD calculated without ~ of 40 to 50 meq 1oog·1 of DM to a DCAD of >85 meq 100 g·1 of 
DM. They found the elevated DCAD caused hypocalciuria, diminished Ca and P absorption, and 
diminished bone turnover. Further, they showed that· a DCAD of <40 meq 100 g·1 of DM caused 
metabolic acidosis and when DCAD was >50 meq 100 g·1 of DM a metabolic alkalosis was produced. 

Therefore, negative DCAD in rations for prepartum cows prevents a decline in blood Ca at the initiation 
of lactation by one or more of the following mechanisms: increasing the rate of bone mobilization of.Ca 
directly; increasing the rate of bone mobilization of Ca indirectly via increased excretion (reduced 
retention) of Ca; or increasing intestinal absorption of Ca. Regardless of how this occurs, .excretion of 
endogenous Ca must follow because plasma concentration of Ca is maintained within the range of 10 ± 
2 mg dl·1 unless a disorder such as milk fever occurs. The question.that arises about whether a metabQlic 
basis exists for the described mechanisms to increase the entry of Ca to the blood by altering DCAD. 
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It is important to emphasize that for the trials in which negative DCAD aided in prevention of milk fever 
(2, 21. 23, 46), dietary concentrations of Ca were high (1.5% Ca). As will be pointed out later,. negative 
DCAD increases urinary excretion of Ca (8, 55, 56, 58). Ther~fore, if dietary Ca ,were low with a 
negative DCAD, hypocalcemia may qccur, regardless bf and separately from milk fever. Conversely, high 
dietary Ca with low DCAD may be necessary for this method to be successful. However, the optimal 
dietary Ca content has not been established. 

Metabolic Possibilities for Increasing .Entry 
of Ca to Blood by Altering DCAD 

Intestinal Absorption of Ca .. , 
There is no readily apparent mechanism by which a decrease in DCAD necessarily would increase 
intestinal absorption. ·Lomba et al. (40) summarized that calcium absorption increased because of the 
acidogenic nature of anions in the intestine. However, Leclerc and Block (36) and Block and Takagi (54) 
did not find an increase in apparently absorbed Ca. It is true that when intestinal Ca is high the direct 
acidification of diets increases the rate of passive absorption of Ca from the intestine (18, 24), but no 
evidence exists that neutral mineral salts resultµtg in high anionic concentrations can increase intestinal 
[WJ. In fact, the opposite effect is more likely. When o· .is present in excess of Na• in the intestine, 
intestinal o· is exchanged for blood HC03' creating metabolic acidosis and intestinal buffering with HC03· 

. When dietary Ca levels are low in relation to requirements, active absorption of Ca from the intestine 
occurs. mediated by renal production of l,25(0H)2D3 (26. 28). When diets are acidified di;ectly, this 
l .25(0HhD3 fails to increase in response to dietary Ca restriction (5. 6). Furthermore, the active 
absorption process of Ca is inhibited directly when the hydrogen ion concentration of the intestine 
increases (pH decreases) (15r 

Dairy cov.;s that are near parturition begin to remove Ca from blood for colostrum synthesis (2t and, 
therefore. should respond by increasing renal product!on of l.25(0HhD3. This. in tum, should incre¥e 
the active absorption of Ca from the intestine. If it were true that excessive anions in relation to cations 
were. forming acids in the intestine! th.en active absorption of Ca would be inhibited at the time it is most 
needed: at parturition. · 

Based on this discussion, true (versus apparent) Ca absorption is unlikely to increase as a result of 
decreasing DCAD. However, the above discussion indicates that both passive and active absorption of 
intestinal Ca actually may decrease when excessive anions are present. Therefore, even when dietary Ca 
is high. the excessive anions may cause a reduced absorption of Ca. This would stimulate renal 
pfoduction of l .25(0H)2D3 and release of PTH causing bone mobilization prior to partuirtion. This is 
difficult to substantiate at this point few data exist as yet on circulating 1,25(0H)iD3 or PTH, or on true 
absorption of Ca when the DCAD is reduced. The values for apparently absorbed Ca that are in the 
literature are difficult, at best, to interpret because the intestine :is a major excretory route for Ca (22). 
However. this hypothesis would help explain the increase in bone mobilization.observed by Block (2), 
Leclerc and Block (36) and Goff et al. (23) in cows prior to parturition fed rations with reduced DCAD. 

Kidney· Function 
Good theoretical evidence shows that excessive anions in relation . to cations can produce metabolic 
acidosis, as discussed earlier. Chronic metabolic acidosis increases urinary excretion of Ca (24, 38). If 
excessive anions produce metabolic acidosis and increase the excretion of Ca, as shown by Takagi and 
Block (55, 56) and Oetzel et al. (45). then Ca retention decreases and causes formation of l,25(0H)2D3 

and release of PTH to stimulate bone mobilization. This mechanism may function with or without the 
intestinal mechanism described to maintain adequate circulating .Ca in periparturient cows. 
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Another possible mechanism, albeit far-fetched, is that the production of renal I.25(0lfhD3 is an 
enzyme-dependent process that is pH sensitive. Any changes in intracellular pH would alter the activity 
of enzymes. It is possible that excessive anions create an intracellular pH that is more favorable for the 
production of l,25(0H)2D3• This possibility is supported by the work of Gaynor et al. (21). 

Bone ~obilization 
The discussion on intestinal and renal responses shows how bone mobilization can be stimulated indirectly 
when· DCAD is reduced. However, specific mechanisms also exist whereby bone may be stimulated 
directly by increasing dietary anions in relation to cations. These mechanisms, again, rely on the premise 
that metabolic acidosis can be pro.duced when dietary anions exceed cations. 

Bone has three types of cells: osteoblasts, osteocytes .and osteoclasts. The osteoclast moves along the 
surface of bone, actively resorbing bone and leaving behind resorption lacunae (small trenches). The exact 
mechani8ms of bone resorption have not been elucidated; however, certain facts are known (1): 

1. 
2. 
3. 

4. 

5. 

Resorption is hormonally mediated by PTH and 1,25(0H)2D3• 

Lysosomal and mitochondrial enzyme activity increas.es in osteoclasts when resorption occurs. 
These enzymes are dependent on hydrogen ions for optimal activity (i.e. succinate dehydrogenase, 
acid phosphatase). 
Other acids are formed within the cytoplasm and lysosomes of the osteoclasts such as hyaluronic 
acid and lactic acid. · 

.: 
A localized reduction on pH occurs that probably contributes to mineral dissolution. 

As pointed· out earlier, paretic cows are not deficient in circulating l,2S(OH)2D3 or PTH.· However, milk 
fever can be prevented when pharmacological doses of vitamin 0 3 or its metabolites are administered 
prepartum. • 

.. ~ 

The possibility exists that, when prepartum cows are fed rations with highly positive DCAD, the '6one 
cannot respond (is not sensitive) to the hormones mediating resorption because of a drainage of H+ or 
excessive HC03• within the bone cells. As discussed above, excessive plasma Na• can exchange for 
intracellular H•, and insufficient a- can prevent HC03- from entering plasma. Drainage of H• or excess. 
Hco3• can preyent the osteoclasts from resorbing bone because resorption obviously is ~ acid-dependent 
process. 

When anions are in excess of cations, a mild acidosis ensues, which then will allow ihe full expression 
· of hormonally mediated bone resorption. Block (2), Leclerc and Block (36), and Goff et al. (23) showed 

an increase ·in bone mobilization beginning a few days prepartum when DCAD was reduced. This 
increase is approximately coincident with the theoretical increase in l,25(0H)2D3 and PTH in. blood in 
preparation for lactation. Therefore, by . reducing DCAD, ·bone is mobilized. in response to hormones 
normally p~sent · 

.· 
Further evidence that DCAD affects sensitivity to Ca homeostatic hormones was shown by Goff et al. 
(23), who showed that cows fed high and low DCAD secreted similar amounts of PTH in the peripartum 
period; however, the amount of 1,25 (0H)2D3 produced per unit of PTH secreted was greater in cows fed 
reduced DCAD accompanied by higher concentrations of blood Ca at parturition and postpartum. These 
results, along with the lack of any consistent increase in intestinal absorption of Ca with low DCAD, as 
previously discussed, indii::ates that the mode of action of reduced DCAD in preventing milk fever lies 
in the kidney (hormone production and ca excretion) and bone (osteoclastic resorption activity caused by 
the mild acidosis produced). Another factor to consider is that the mild acidosis produced with negative 
DCAD has been shown to cause an increase in bl?od ionized Ca (56, ~8). This ionized Ca is the form 
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used by cells with the remaining blood Ca being bound to albumins, which must dissociate into ionized 
Ca prior to use. , 

Low Ca and ·p Versus Ariion-Cation Balances 
in the Prevention of Milk Fever 
Rations that contain low Ca and P fed to prepartum cows prevented milk fever (3, 4, 31). The mode of 
action is that the rations stimulate l,25(0H)2D3 production and PTH release early in the prepartum period. 
Therefore, the active absorption mechanism for Ca in the intestine and the bone resorption mechanism are 
being continually stimulated throughout the prepartum period: 

When either equation for calculating DCAD (with or without SO;) is applied to rations for prepartum 
cows, the results usually are a highly positive balance (excess cations), regardless of forage source. 
Although reducing dietary Ca and P prepartum reduces the incidence of milk fever, it does not necessarily 
eliminate it in a herd. A question to consider is whether sufficiently high DCAD and reduced dietary Ca 
will help to prevent milk fever? Therefore, dietary Ca is not as much the causative factor in milk fever 
as is the metabolic status of the animal at parturition. Furthermo~e. no evidence exists that reduced dietary 
Ca prepartum aids in mitigating the ubiquitous hypocalcemia at ·parturition regardless of clinical paresis. 

Dietary Cation-Anion Balances of Feeds 
and Its Implications 
As stated, DCAD is usually positive or highly cationic. Table 2 was developed using stahdard North 
American values (44). The table demonstrates that all typical forage sources are cationic and that alfalfa 
hay is the most cationic, which almost precludes the use of alfalfa as a prepartum feed because the cationic 
nature of the feed predisposes cows to milk fever. The amounts of a· or S04

2 salts, devoid of Na• or K+, 
to decrease DCAD of alfalfa becomes impractical because of the low palatability qf anionic salts ( 45). 
Obviously, timothy forage is a more likely choice for these prepartum cows. The possibility exists. 
therefore, that grasses fed prepartum will decrease the incidence of milk fever because of their lo\ver 
DCAD and not because of their lower Ca content compared with legumes. 

- . 
From Table 2, we can conclude that DCAD for typical grains (com, barley, oats) is approximately zero 
for practical 'purposes (range of -27 to + 19 meq kg·1 of DM). The protein sources in Table 2 indicate that 
DCAD is negative except for soybean meal, primarily because of the S content of these feedstuffs. 
Interestingly, fish meal has a less negative DCAD than other protein sources in spite of its high 
concentration of S, because of its ~qually high content of Na. 

For high producing cows in early lactation, it is difficult to presume an ideal DCAD. Assuming that most i: 
grains have a DCAD around 0 meq kg·1 of DM, a ration of 50% alfalfa, 50% grain would have a DCAD 
of approximately 200 to 300 meq kg·1 of DM (possibly lower, depending on protein supplementation). 
For lower producing cows in micilactation, the diet probably would contain more grass forage and less 
legume for a DCAD of 100 to 200 meq kg·1 of DM. Considering that some cows fed alfalfa-com diets 
that do not depress milk fat show a response to NaHC03 in early but not late lactation, we must presume 
that DCAD should be >200 meq kg·1 of DM at high milk production and can be <200 at lower production. 
Furthermore, during the dry period, DCADshould be negative, and probably a minimum negativity of -75 
meq kg·1 is necessary. . 

. 
Creating more positive DCAD is no problem with the plethora of Na and K salts in the form of 
carbonates. Theoretically, Na and K should be equal on an equivalent basis, but this has yet to be proven. 
Creating more negative DCAD with 0 or S04 salts (without Na or K) has been tested by Oetzel et al. 
(45). Six anionic salts [Mg02, MgS04, Ca02, CaS04, NH40, (NH4) 2S04]. when included in diets to 
obtain the same negative DCAD, produced the same effects (compensated metabolic acidosis, decreased 
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blood HC03, urinary pH and urinary base excess, and increased fractional excretion of urinary Ca) ( 45). 
Therefore, PCAD seems more important than the specific salt used. Those authors (45) caution that 
mixtures of salts would be. best to avoid to~iciteis or induced deficiencies of minerals (Mg and NH4 being 
of greatest concern). · 

.; 

CONCLUSIONS 
·, 

Much more research is needed before specific recommendations can be made regarding optimal DC:AD 
in rations for dairy cows. Based on the discussion, if some biological functions can be manipulated by 
altering ion balance, then certainly others can, too follow suit. However, optimal DCAD will not be the 
same for all productive functions. 

Indications exist in the literature for a relationship of cationic DCAD and calf performance (30) and for 
anionic DCAD and prevention of udder edema (37) and allevietion of heat stress (59). Other production 
diseases that are associated with acid-base balance or buffering capacity of blood include laminitis and 
ketoacidosis. Investigations should be directed toward the relationship of these diseases with DCAD. 

Some biological functions will respond better when the balance is positive, but others will do so when the 
balance is negative. The combined efforts of researchers in basic and applied sciences in more fully 
describing rations fed to animals in experimental trials with regard to mineral content wil! increase our 
knowledge in this obscure area of nutrition. 
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TABLE 1. Correlation between the_ concentration of plasma 
calcium and dietary anion-cation difference during the 
periparturient period of dairy cows (n=20). 1 

Time 
(h) 

Prepartum 

48 

36 

24 

12 

Parturition 

Postpartum 

12 

24 

36 

1 Leclerc and Block (36). 

Coefficient of 
correlation 

-.471 

-.379 

-.334 

-.463 

-.548 

.. 

-.590 

-.287 

-.455 

P>F 

.048 

.121 

.162 

.046 

.015 

.013 

.248_ 

.058 



TABLE 2. Calculated dietary cation-anion balance (DCAD) of individual feedstuffs. 1 

Feed a- s= DCAD2 

----------- (% of OM) ----------
Alfalfa hay 

(late vegetative) .15 2.56 .34 .31 +431.1 ' 

Timothy hay 
(late vegetative) .09 1.6 .37 .18 +232.0 

Corn silage .01 · .96 .15 +156.4 

Corn grain .03 .37 .05 ·.12 + 18.8 

Oats .08 .44 .11 .23 - 26.95 

Barley .03 .47 .18 .17 - 23.4 .. 
Distillers' grain .10 .18 .08 .46 -219.38 

Soybean meal .03 1.98 .08 .37 +266.37 
ii> 

Fish meal .85 .91 .55 .84 - 7.5.6 
.~ 

·-

I From NRC (1988) for Na+, K+. a- ands=. 
2 Calculated as milliequivalents of (Na+ + K+) - (0- + S) kg·1 of DM. 
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Figure 1. The Na+ - K+ ATP-dependant pump mechanism in the entry of glucose to cell~~ 
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Role of Na+ in mobilization of H+ in proximal tubules (a), secretion of H+ in dist.3.l 
~bules (b), and anunonia production in distal tubules (c) . (c.a. = carbonic 

, anhydrase). 
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Figure 3. Reaction of erythrocyte in tissue and lung, and plasma changes in respiration, in 
· relation to Na\ K+, Cr, and the chloride shift. 
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FUNCTION OF VITAMINSAND'MINERALS IN ANIMAL HEALTH 

BOON P. CHEW 
Department of Animal Sciences, Washington State University, 

Pullman, WA 99164-6320 

NUTRITION AND IMMUNITY 

It has long been recognized that nutrition exerts a profound effect on immunity and health in animals. 
Nutritional deficiencies impair immune responsiveness and, thereby, increase morbidity and mortality. On 
the other hand, nutritional supplementation often enhance certain aspects of immune function.. In recent 
years, the role of certain micronutrients in modulating immunity and health in food animals has received 
special attention. This review will attempt to discuss the roles of some of these major minerals (zinc, iron, 
copper, manganese, magnesium) and vitamins on different aspects of immunity and health. 

IMMUNITY. 
: 

When an animal faces an antigenic insult, the animal's host defense system becomes pivotal in the eventual 
elimination of these harmful foreign particles. A number of branches of the animal's host defense system 
working in synchrony are often required in order to mount an effective host defense response. The main · 
branches of the host defense system include: (1) specific cellular (cell-mediated) immunity, (2) spe~fic 
noncellular (antibody-mediated) immunity, (3) nonspecific cellular immunity (phagocytes), and (4) 
nonspecific noncellular (nonimmunological) (lysozyme, transferrin/lactoferrin, complement, etc.) protective 
system. ---,~ 

TRACE ELEMENTS IN IMMUNITY AND HEAL TH 

..... 
'. -

' .. ' ... ,,. 
1, Zinc ' i 

. Considerl~g tlle essential trace ·elements kno~~ ·zinc has been studied most dtensiveiy .' Zinc has been · 
shown to be an essential element for over 100 years (Raulin, 1869). · · 

:· ... ' . ' . 
Immunity. Zinc deficiency in mice produced gross atrophy of both the thymus and the T-dependent regions 
of the spleen (Fraker et al., 1977; 1978). Helper T cell function also was impaired. Therefore, the primary 
effect of zinc deficiency is on T lymphocyte-dependent immuruty. The lethality from infections resulting 
from zinc deficiency has been shown (Tanaka et al., 1978; Good et al., 1980). Zinc-deficient animals have 
lower concentrations of thymic hormone (Bach et al., 1975), resulting in the loss in the number of Thy-1 
positive lymphocytes (Dardenne et al., 1985). 

Zinc also is important in B-cell activation. Zinc-deficient mice showed sfgnificant loss in antibody 
response _to sheep RBC immunization as shown by decreased.number of plaque-forming cells, indicating a 
loss in T-dependent response (Fraker et al., 1977; 1978). In vitro, zinc stimulates the number of human 
plaque-forming cells (Cunni'ngham-Rundles et al., 1980). · ' 
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The effect of zihc deficiency on cell-mediated cytotoxicity is unclear, with reports showing both an increase 
and a decrease in NK cell activity (Chandra, 1980; Fernandes et al., 1979). In vitro, zinc can activate NK 
cell activity (Cunningham-Rundles, 1983). Similarly, zinc deficiency has been shown to increase or to 
have no effect on antibody-dependent cell-media~ cytotoxicity. 

. . 
In addition to the magnitude of deprivation, the timing of the deprivation in relation to the life cycle. of the 
animal is an important determinant in the effect of zinc on immunity. For example, zinc deprivation during 
fetal or early postnatal life suppressed the growth of the lymphoid organs to a greater extent than the 
growth of other organs (Beach et al., 1980). Beach et al. (1982) reported that immunodeficiency induced 
by zinc deficiency during pregnancy may persist for three generations. 

. . ' 

In most cases, the restitution of zinc in the diet has partially or even fully restored immune function (Golden 
et al., 1978; Zwickl et al., 1980). . · 

Health. Zinc deficiency is associated with increased susceptibility to infection (Prasad et al.; 1963; Halsted 
et al., 1972). Holstein-Friesian calves with the lethal A-46 mutation which results in failure to absorb zinc, 
are associated with major diseases and had gross deficiency of the thymus (Brummerstedt et al., 1971). 

Mechanism. Zinc functions as a cofactor for the activity for over 100 enzymes, as in metalloenzymes 
(tightly bound moiety), metal-enzyme complexes (loosely bound entity) or as stabilizing molecules (Vallee, 
1976). Zinc metalloenzymes are found among transferases, oxidoreductases (e.g., superoxide dismutase), 
lyases, hydrolases (e.g., alkaline phosphatase), isomerases and ligases. The importance of zinc as a 
component of these enzymes could explain how zinc modulates immune function. For example, thymulin, a 
thymic hormone, has zinc-dependent activity (D,ardenne et al., 1985) and zinc is related to lymphocyte 5'-
nucleotidase (Giblett et al., 1975). · .-

2. Iron 

Immunity. In iron-deficient animals, both cell-mediated and hwnoral immunity are compromised. · -
Lymphocyte blastogenesis in response to both T and B cell mitogens in iron-deficient mice was reduced 
(Kuvibidila et al., 1983). In addition, thymic weight and the percentage of splenic q-bearing lymphocytes 
were decreased in anemic mice. Nalder et al. (1972) reported a dose-related inhibition of antibody 
production against tetanus toxoid in rats fed a diet containing increasingly lower (20 ppm to 5 ppm) 
amounts of dietary iron. · 

: 

Iron-deficient mice sensitized to sheep RBC had a lower nwnber of splenic IgG and IgM plaque-forming 
cells (Kuvibidila et al., 1982). Iron-repletion reversed the observed immune response. The number of T 
and B lymphocytes also was lower in iron~deficient mice as compared to pair-fed controls. The authors 
speculated that the reduced antibody response was due to a lack of T helper cell function. Rats fed an iron
deficient diet during gestation produced pups with a 50% decrease in the nwnber of IgG .and IgM plaque
forming cells (Kochhanowski and Sherman, 1985). 

Young rats deficient in iron had decreased production of IL-1 which is important in many aspects of 
specific and nonspecific immunity (Heylar and Sherman, 1987). The NK cell activity in iron-deficient rats 
was red~ced by half after a viral challenge (Sherman and Lockwood, 1987). Even though phagocytosis 
was not altered in iron-deficient rats, there was a selective decrease in neutrophil microbicidal activity 
against catalase-positive organisms as measured by NBT reduction and myeloperoxi'dase activity (Moore 
and Hwnbert, 1984). The myeloperoxidase-hydrogen peroxide-halide system constitutes an important 
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oxidative mechanism of intracellular microbial killing (David and Drutz Mills, 1982). Myeloperoxidase i\s 
an iron-containing heme enzyme present in phagocytes (Klebanoff et al., 1970). Iron must be made· .. 
available to immune cells for nonnal function; yet iron availability to bacteria must be limited to inhibit the 
growth of these bacteria. The latter is accomplished through the action of iron-binding proteins like 
transferrin and Iactoferrin. These proteins possess antibacterial activity and enhance neutrophil killing 
ability. 

Health. Neonatal rats from mothers fed an iron-deficient diet during gestation had higher mortality and 
morbidity even though these pups were fed an iron-adequate diet from birth (Baggs and Miller, 1973). 
Mechanism. Decreased protein synthesis in iron deficiency may be an imponant factor in 
immunosuppression. Protein synthesis in key organs like the spleen, thymus and liver is reduced by 50% in 
iron deficiency (Rosch and Shennan, 1985). 

3. Copper 

Immunity. Menkes disease is associated with a defect in the metabolism of copper in human. These 
patients show increased susceptibility to T cell-mediated infections (Pedroni et al., 1975). Copper 
deficiency leads to suppressed mitogen-induced T cell response (Lipsky and Ziff, 1980), especially T helper 
cell activity, and to decreased B cell function (Bazhora et al .. ·1974). 

Mechanism. As with zinc and iron, copper is involved in a large number of metabolic functioris 
(Underwood, 1977), acting largely in conjunction with various enzyme systems (Mason, 1979). Copper is 
imp0riant for the three-dimensional structure of immunoglobulins (Baker and Hultquist, 1978; 
Schrohenloher, 1978). 

4 Manganese 

Immunity. Very little is known about the role of manganese on immunity. Manganese supplementation has 
beenJeponed to increase antibody titers and other nonspecific resistance factors in horses. chickens, rabbits 
aJ}d goats (Bazhora et al., 1974; McCoy et al., 1979). Rats marginally deficient in manganese showed 
lower lgG agglutinins and the l 9s fraction of gammaglobulins (McCoy et al., 1979). 

«; Magnesium 

.1romunity. Magnesium deficiency in rodents result in impaired cell-mediated and humoral immune 
response (McCoy and Kenney, 1975; Elin, 1975). Blood IgG I. IgG2 and lgA were lower in magnesium
deficient animals. Also, the number of plaque-fonning cells was reduced in magnesium-deficient animals 
immunized with sheep RBC. · 

VITAMINS IN IMMUNITY AND HEALTH 

A. Antioxidant Vitamins 

Highly reactive oxygen species such as superoxide anion radical (02 •),hydroxyl radical (HO•), hydrogen 
peroxide (HzOz) and singlet oxygen cloz) are continuously produced in the course ofnonnal aerobic 
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cellular metabolism. Two of the oxygen species. the superoxide anion radical and hydroxyl radical. and 
hydrogen peroxide are produced during the step-by-step reduction of oxygen. 

02 + e- -+ 02• 

02• + e- + 2H+ -+ H202 

Superoxide anion radical 

Hydrogen peroxide 
H202 + e- + H+ -+ H20 + HO• 

HO• + e- :+ H+ -+ H10 
. [Net 02 + · 4e- + 4H+ -+ 2H20] 

Hydroxyl radical 

In addition, there is an activated fonn of oxygen, the singlet oxygen, which is also highly reactive. These 
reactive oxygen species, whe~ allowed to accumulate, are capable of destroying the integrity of cellular 
membranes, enzymes and nuclear DNA. Antioxidants serve to stabilize these highly reactive free radicals; 
thereby maintain the structural and functional integrity of cells. Therefore, antioxidants are very important 
to immune defense and health of animals, and consequently to their production capacity. 

The body possesses different levels of defense against oxidative stress. The endogenous antioxidative 
enzymes include superoxide dismutase which destroys superoxide anion radicals, and peroxidase and 
catalase which detoxifies hydrogen peroxide. 

superoxide dismutase 

02• + 02• + 2H+ -+-+-+-+-+ H202 + 02 

peroxidase 
-+-+-+-+-+ D + 2H20 

catalase 
-+-+-+-+-+ 02 + 2H20 

The nonenzymatic endogenous antioxidants include glutathione, bilirubin. uric acid, albumin and 
ubiquinol-10. 

.. 
.. 

. In addition, animals consume varying amounts of exogenous antioxidants which consist of vitamins and 
other micronutrients. A group of vitamins (carotenoids, vitamin E and vitamin C) with potent antioxidant 
activities have recently received a great deal of attention due to their action on immunity and disease 

etiology. Carotenoids <P-carotene and lycopene), vitamin E (a-tocopherol) and vitamin C (ascorbate) are 
naturally-Occurring antioxidant nutrients that play important roles in animal health by removing harmful 
free radicals produced through nonnal cellular activity and from various stressors. Both in vitro and in 
vivo studies showed that these antioxidant vitamins generally enhance different aspects of cellular and 
noncellular immunity. The antioxidant function of these micronutrients could, at least in part, enhance 
immunity by maintaining the functional and structural integrity of important immune cells. A compromised 
immune system will result in reduced animal production efficiency through increased susceptibility to 
diseases, thereby leading to increased animal morbidity and mortality. 
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1. Carotenoids 

Research' on the function of carotenoids on immunity and heaith have. in the past, f~cused on P-carotene. ' 

However, greater interests have more recently been shown with other important carotenoids including a
carotene, lycopene. lutein. canthaxanthin and astaxanthin. 

Immunitr. The role of carotenoids in modulating the cellular and noncellular host defense systems in 
domestic food animals has been reviewed (Olew, 1993). Holstein cows supplemented daily with 300 or: 

600 mg of P-carotene had increased ex vivo mitogen-inducect lymphocyte proliferation during the 
peripartum period (Michal et al .• 1994) compared to unsupplemented animals~ Preformed vitamin A 
(120,000 IU/d) fed to a similar group of peripartum cows did not produce a similar response profile. In 
vitro studies using peripheral blood mononuclear cells isolated from Holstein cows during the peripartum 

period and incubated with 1x10-9 MP-carotene (Daniel et al. 1991b) or from nonlactating pregnant 

heifers and incubated with 1 x 10-8 to 1 x 10-6 M P-carotene (Daniel et al .• 1986) showed increased 
mitogen-induced lymphoproliferation when compared to unsupplemented cultures. In contrast, retinal did 
not exert a similar stimulatory effect on lymphocyte proliferation, while retinoic acid was generally 
suppressive in the cultures (Daniel et al, 1991b). The stimulatory activity of carotenoids on lymphocyte 
blastogenesis has similarly been demonstrated in pigs (Hoskinson et al .• 1989, 1992). Similarly ex vivo 
and in vitro studies in other species have reported that ~-carotene increases the number of helP.er/inducer T 
lymphocytes, the number of peripheral blood mononuclear cells expressing surface markers for natural 
killer cells and for interleukin 2 and transferrin receptors, natural killer cell cytotoxicity, and in the 
secretion of tumor necrosis factor a, and interleukin 1(Chew.1993 for review). Tomita et al. (1987) 

reported that the action of P-carotene was specific against a specific antigen. 

In an ex vjvo study, blood neutrophils isolated from Holstein cows fed 300 or 600 mg of P-carotene/d~ .. .,~ 
during the peripartum period had higher bactericidal ability during the prepartum and postpartum periods 
(Michal et al .• 1994). The increased bacterial killing could be accounted for partly by increased 
myeloperoxidase activity in the neutrophils. Similarly, the phagocytic activity of blood neutrophils 

obtained from cows fed 4QO mg of P~carotene/d during the pre- and post-dry off periods was higher than 
that obseiv_ed in cows fed preformed vitami~ A (Tjoelker et al., 1990). In vitro, 1 x 1 o-8 to 1 x 1o-7 M of 

P-carotene enhanced the bactericidal activity of bovine blood and mammary neutrophils isolated from cows 
during the peripartum period (Daniel et al., 199la). Similarly, Tjoelker et al. (1988) reported that 1 x 10-6 

M of P-carotene stimulated neutrophils ph~gocytic and bactericidal ability in dairy cows immediately 
before and after the dry off period. In contrast, retinal and retinoic acid generally decreased phagocytosis 
and had no effect on the bactericidal activity. Schwartz et al. (1990) reported increased cytochrome 

oxidase and peroxidase activities in macrophages incubated with canthaxanthin. P-carotene. and a
carotene compared with incubation with 13-cis retinoic acid. The stimulatory activity of canthaxanthin 

was greater than that observed with P-carotene and a-carotene. Phagocytosis also was stimulated by these 
carotenoids, even though to a lower degree. All of these changes indicate increased respiratory bursts by 
the macrophages when they are exposed to carotenoids. 

Health. Mastitis is an inflammation of the mammary gland. The incidence of mastitis in dairy cattle is 
highest during two stressful periods. the period immediately postpartum and the early dry period. 

Concentrations of blood P-carotene and vitamin A decrease dramatically during the early postpartum and 
early dry periods (Dahlquist and Chew, 1985; Tjoelker et al .• 1988; Michal et al .• 1994). These periods 
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also have been associated with impaired host defense mechanisms. With the known immuno-modulatory 

action of P-carotene (Chew, 1993) and vitamin A (Chew, 1987), it is plausible that the decrease in blood P 
-carotene and vitami'n A concentrations may be associated with the suboptimal host defense observed 

during these periods. In fact, lactating cows with higher concentrations of plasma P-carotene and vitamin 
A had a lower severity of intramammary infection (Chew et al., 1982). Changes in concentrations of 

plasma fl-carotene and vitamin A have during the immediate prepartum period have been associated with 
higher somatic cell CO\ll1t during lactation (Johnston and Chew, 1984). Subsequent in vivo srudies showed 

a protective role played by f}-carotene against .mastitis during the early postpartum and dry periods. Dairy 
cows fed 300 mg of j)-carotene/d during the dry period maintained the concentration of blood j)-carotene 
and had lower incidence of new intrammary infection than cows fed preformed vitamin A alone. During 

the peripartum period, cows supplemented with 300 mg f}-c~tene had 38% lo.wer milk somatic cell count 
(Olew and Johnston, 1985) and a lower (13%) incidence of intramammary infections than cows 
supplemented with preformed vitamin A (30-58%) or unsupplemented controls (67%) (Chew, _1983). 

Mechanism. Carotenoids may modulate immune function by deactivating reactive chemical species such as 

free radicals, singlet oxygen and photochemical sensitizers (Bunon, 1989). ~-Carotene functions as a 

chain-breaking antioxidant in a lipid environment The peroxyl radicals (Roo•) formed from lipids 
(especially polyunsaturated phospholipids) are very damaging to cells. 

RH + oxidant initiator -+ R • 

R· + o2 - R:oo· 

The extensive system of double bonds mak~s ~-carotene (and other carotenolds) susceptible to attack by 
peroxyl radicals, resulting in th.e formation of inactive products. 

ROO• + 13-carotene -+ formation of inactive products 

The enhancement of immune function by carotenoids (e.g. canthaxanthin) which do not possess provitamin 
A activity strongly supports the antioxidant mode of action of carotenoids .. In contrast to its antioxidant 

role, ~-carotene may behave similar to a prooxidant in promoting the rate degradation ofunsaturated lipid 
(Krinsky, 1989). 

Therefore, carotenoids may regulate immune cell function by protecting them against free-radical mediated 

genotoxic damage. For instance, f}-carotene and canthaxanthin reduced chromosomal damage in cultured 
human lymphocytes (Bianchi et al .. 1993). In addition, carotenoids may modulate cell membrane fluidity, 
increase gap-junctional intercellular communication and inhibit arachidonic acid oxidation. the latter of 
which are initiated by free radicals (Chew, 1993 for review). 

To be'effective in the cell, f}-carotene must be present at critical sites in the cell such as the mitochondria, 

nuclear and plasma membranes. In fact. oral or injected f}-caroterie is taken up in significant amounts by 
lymphocyte mitochondria, nuclei and microsomes of cattle (Chew et al., 1993) and pigs (Chew et al., 

1991). The presence of f)-carotene-transport protein has been suggested (O'Fallon and Chew, 1984; 
Lakshman and Okoh, 1993). . , . . -· 



2. Vitamin E (and Selenium) 

Vitamin Eis a tenn that is used to describe 8 naturally-occurring fat-soluble nutrients called tocopherols. 

a-Tocopherol is the most biologically active and the most abundant isomer of the vitamin E family. 
Selenium is an important component of the metalloenzyme glutathione peroxidase. 

Immunity. a-Tocopherol supplemented to calves at the rate of 125 to 500 IU/d increased T-cell and B-cell 
mitogenesis (Reddy et al., 1987). Similarly, an in vitro study showed that bovine peripheral blood 

mononuclear cells incubated with 55-110 mg of a-tocopherol/ml had enhanced production of IgM and up
regulates interleukin 1 production (Stabel et al., 1992). Vitamin E can act as an adjuvant. For example, 

a-tocopherol and Se injected into sheep simultaneously with Bruce/la ovis (Afzal et al., 1984) or 
Clostridium perfringens (Tengerdy et al., 1983) showed enhanced antibody response. Lambs 

supplemented with a-tocopherol and challenged with parainfluenza virus had higher serum antibody titers 

after a secondary challenge (Reffett et al., 1988). Similarly, steers supplemented with a-tocopherol and Se 
had higher antibody response to Pasteurella haemolytica vaccination (Droke and Loerch, 1989). Pigs 

supplemented with a:.tocopherol and Se had increased immunoglobulin production (Peplowski et al., 

1980). Increased ~tibody response from a-tocopherol supplementation also occurred by way of transfer 
of immunoglobulins from the dam to their offsprings as shown in sows (Hayek et al., 1989) and ~n hens 
through the yolk sac (Nockels, 1979; Jackson et al., 1978). Vitamin E-deficient laboratory animals showed 
depressed number of plaque-fonning cells (Corwin and Schloss, 1980; Gebremichael et al., 1984). The 
production of interleukin 2 by splenic lymphocytes in vitamin E-deficient rats was depressed. 

Weanling pigs fed a diet deficient in a-tocopherol and Se had lower mitogen-induced lymphocyte 
proliferative re~ponse when cells were incubated with autologous serum (Lessard et al., 1991). Similarl.Y·i--~~ 

peripheral lymphocytes obtained from sows fed a diet deficient in a-tocopherol or in a-tocopherol and Se 
had reduced mitogen-induced proliferation during the immediate prepartum and postpartum periods 

(Wuryastuti et al., 1993). Colostral lymphocytes from a-tocopherol and/or Se deficient sows showed 
similar suppress!on in blastogenic response. Guinea pigs (Bendich et al., 1984) and rats (Bendich et al., 

1986) fed diets deficient in a-tocopherol but otherwise adequate in all essential nutrients showed decreased 
T and B cell response. The authors (Bendich et al., 1986) obser\red that the immune system was affected 

well before there were_ signs_ of frank vitamin E deficiency. Similarly, rats fed a diet deficient in a
tocopherol and Se had lower mitogen-induced lymphocyte proliferative response (Eskew et al., 1985). A 

positive correlation between splenic a-tocopherol concentration and mitogen-induced splenic lymphocyte 

proliferation was reported in mice (Mbawuike et al., 1982). Mice deficient in a-tocopherol and Se had 
lower natural killer cell-mediated cytotoxicity and T-lymphocyte-mediated cytotoxicity (Meeker et al., 
1985). 

'~'" - -

The importance of vitamin E in regulating phagocyte.function also has been reported. Dairy cows injected 

with 1000 IU dl-a-tocopheryl acetate prepartum showed greater bactericidal activity at calving but had no 
effect on phagocytosis (Hogan et al., 1992). Neutrophils obtained from dairy cows injected with 

a-tocopherol and Se had enhanced phagocytic and bactericidal activity as compared to Se-deficient cows 
(Gyang et al., 1984). The phagocytic and bactericidal activities of colostral neutrophils isolated from 

gestating sows fed diets deficient in a-tocopherol or in a-tocopherol and Se were suppressed (Wuryastuti 
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et al., 1993). Neutrophils from a.-tocopherol-deficient rats had lower phagocyti.c activity, decreased 
chemotaxis and decreased protection against autooxidative damage (Harris et al .. 1980). Administration of 

-a-tocopherol increased the phagocytic activity of the reticuloendothelial system in mice (Heinzerling et al., 

1974). 

Health. Dairy cows supplemented with 1000 IU dl-a-tocopheryl acetate during the dry period had a 37% 
reduction in clinical mastitis and the duration of infection was shorter than in unsupplemented cows (Smith 

. , . 
et al., 1984). Furthermore, a-tocopherol intake was negatively correlated with rates of clinical_ mastitis 

(Weiss et al., 1990). Supplementation of a-tocopherol increased the average daily gain of newly arrived 
feedlot cattle (1600 to 800 IU/d; Gill et al., 1986) anq of yearling heifers (100-300 IU/d; Hutcheson and 

COie, 1985). a-Tocopherol supplementation increased the resistance of chic~ against E.coli (f!einzerling 
et al., 1974) and oflambs against Chlamydia (Stephens et al., 1979). 

Mechanism. a-Tocopherol is the principal lipid-soluble chain-breaking antioxidant in plasma and tissues 

(Jialal and Grundy, 1992). It functions by trapping peroxyl free radicals. In mammalian cells, a.
tocopherol is mainly located in mitochondria fractions and in endoplasmic reticulum, whereas little is found 

in cytosol and peroxisomes (B jomeboe et al., 1990). A low molrcular weight a-tocopherol-binding protein 
has been identified in the cytosol of rodent liver and heart (Dutta-Roy et al .. 1993). This binding protein is 

believed to be responsible for the intracellular transport of a.-tocopherol. 

Vitamin E reacts with peroxyl radicals produced from polyunsaturated fatty acids in membrane 
phospholipids or lipoproteins to yield a stable lipid hydroperoxide. 

LH +Oxidant initi'ator - L • 

L· + o2 - Loo· 
LOO•+ Tocopherol ~ LOOH + Tocopheroi• 

Through this biochemical reaction. vitamin E effectively reduces harmful lipid free radicals and thereby 
protect tissues from free radical attack. In its antioxidant function. vitamin E acts in concert with other 
enzyme systems, notably glutathione peroxidase. to protect cells. Selenium is an important component of 
this metalloenzyme. While vi.tamin E scavenges radicals within the membrane phase, glutathione 
peroxidase blocks the initiation of lipid peroxidation from within the soluble phase of the cell. Therefore, 
vitamin E and selenium act in synchrony to prevent cell lipid peroxidation and thereby provide a possible 
mechanism by which they enhance immune responsiveness. 

Vitamin E and Se may guard against peroxidation of arachidonic acid (Lawrence et al., 1985; Likoff et al., 
1981) and thereby alter arachidonic acid metabolism in animals (Aziz and Klesius, 1986; Bryant and 
Bailey. 1980). This mechanism could account for the observed enhanced immune response by maintaining 
the functional integrity of immune cells and tissues. However, a-tocopherol may exert prooxidant activity 
under in vivo conditions (Frei and _Gaziano, 1993; Bowry et al., 1992; Ingold et al .• 1993). 

3. Vitamin C 

Vitamin C or L-ascorbic acid is the most important antioxidant in extracellular ~u-ids (Stocker and Frei, 
1991). 
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Immunity. D~etary vitamin C supplementation (1.75 g/d) increased (Blair and Cummins. 1984) or had·no 
effect (Cwnmins and Brunner, 1989) o'n concentrations ofblqod IgG in dairy calves. Vitamin C-deficient 
catfish had lower antibody response to E. ictaluri antigen. decreased complement activity and depress~d 
neutrophil phagocytic activity. However, the bactericidal activity of the peripheral neutrophils was not 
affected. Vitamin C deficiency reduced (Fraser et al .• l 978; DeRubertis et al., l 974) or had no significant 
effect (Ben~ch et al., 1984) on lymphoc)rte mitoger:iesis in guinea pigs. In guinea pigs, vitamin C was 
shown to be important in maintaining normal primary and secondary antibody responses (Kwnar and 
Axelrod, 19_69). Chicks fed megadoses (1 % of diet) of vitamin C did not show enhanced delayed type 
hypersensitivity, graft vs. host rejection, or antibody response to sheep red blood cells (McCorkle et al., 
1980). However, adult birds fed the vitamin Chad higher antibody titers against Bruce Ila abortus whereas 
chicks had suppressed concentrations of the antibody. 

Vitamin C is found in high concentrations in blood leukocytes (Moser, l 987). Ascorbate transporters 
present in,hwnan neutrophils can actively pump ascorbate from the plasma against a high concentration 
gradient (Washko et al., 1989). The high concentration of vitamin C is essential for neutrophil function 
(Anderson and Lukey, 1987). Also, the protective effect of vitamin C may partly be mediated through its 
abiliry to reduce circulating glucocorticoids (Nockels et al., 1973: Degkwitz. 1987). The suppressive 
effect of corticoids on neutrophil function in cattle is alleviated with vitamin C supplementation (Roth and 
Kaeberle. 1985). Also. dietary vitamin C reduces circulating glucocorticoids in chickens. 

. 
Health. Calves supplemented with vitamin Chad lower incidence of scouring (Cummins and Brunner, 
1989) .. Similarly, vitamin C supplemented at the rate of 330 ppm reduced mortality and pericarditis in 
chicks infected with E.coli (Gross et al., 1988). The amount of vitamin C needed for this protective effecr 
increased with higher environmental stress level. Vitamin C supplementation decreased the rate of _. 
mortai.iry in channel catfish infected with Edwardsiella ictaluri, a bacterium which causes enteric 
septicemia (Li and Lovell. 1985). ' 

Mesh:mism. Vitamin C can protect biomembranes against lipid peroxidation damage by eliminating 
peroxyl radicals in the aqueous phase before the latter can initiate peroxidation (Frei et al .. 1989). Vitamin 
C is effective against superoxide, hydroxyl radical, hydrogen peroxide. peroxyl radical and singlet oxygen 
CSies et al .. 1992). 
Vitamin C also may function to reduce the tocopheroxyl radical. thereby restoring the radical scavenging 
activity of vitamin E (Niki, 1987). The-ascorbate radical (semidehydroascorbate) is reduced to ascorbate 
by NADH-dependent semidehydroascorbate reductase (Green and O'Brien, 1973). 

Ascorbate + Vitamin E• - Semidehydroascorbate (Ascorbate•) +Vitamin E 

Ascorbate• + NADH - Ascorbate + NAO 

The sparing effect of high dietary vitamin C in elevating plasma and tissue vitamin E has been 
reported in guinea pigs (Bendich et al., 1984). 
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4. Vitamin A 

. ,. 
Immunity. The incidence of infections is greatly increased in arumals with vitamin A deficiency (Jackman 
and Gibbs, 1968; Nelson et al., 1968; Scrimshaw et al., 1968) .. Vitamin A-deficient rodents and chickens 
showed decreased cellularity of the thymus of the spleen and thymus (Bang et al.: 1973; Butera and 
Krakowka, 1986; Davis and Sell, 1983). Both in vitro and in vivo studies have reported that vitamin A 
increased mitogen-induced lymphocyte proliferation (Chew, 1987 for review). Mitogen-induced splenic 
lymphocyte proliferation was reduced in rats deficient in vitamin A (Nauss et al., 1979; Mark et al., 1983). 
Retinol and retinoic acid stimulated the proliferation of bovine blood lymphocytes (Daniel et al., 1986) and 
human thymocytes (Sidell et al., 1984) in vitro. However, high concentrations of retinol in vitro 
suppressed human T cell mitogenesis (Skinnider and Geisbrecht, 1979; Moriguchi et al., 1985). Cell
mediated cytotoxicity was enhanced in mice supplemented with retinoic acid anµ retinyl palmitate (Dennert 
and Lotan, 1978; Tomita et al., 1985). Spleen cells from mice fed vitamin A showed in~reased production 
of IL-2 (Colizzi and Malkovsky, 1985; Forni et al., 1986). Retinol stimulated NK cell activity in mice 
(Fraker et al., 1986) while retinyl acetate failed to produce similar enhancement in mouse thymocytes and 
splenocytes (Moriguchi et al., 1985). · · · 

Blood antibody titers were stimulated in vitamin A-suppl~mef!ted mice immunized with antigens (Cohen 
and Cohen, 1973; Jurin and Tannock, 1972). Mice supplemented with retinoic acid had secondary IgG and 
lgE responses to ovalbumin (Barnett, 1983). Rats fed a vitamin ·A-deficient diet had decreased local 
intestinal fluid but not serum lgA secretion (Sirisinha e~ al., 1980): The number of splenic pfaque-forming 
cells in response to sheep RBC was increased (Cohe,n and Cohen, 1973) or unalte~ed (Derirtert and Lotan, 
1978) in mice fed vitamin A. 

r 

Phagocytosis of opsonized and nonopsonized particles by peritoneal macrophages was enhanced ifl. mice 
supplemented with high levels of retinyl palmitate (Moriguchi et al., 1985). Production of Il..-1 was . 
similarly increased. In contrast, Rhodes and Oliver (1980) failed to show an increase in phagocytosis~ by,, 
human macrophages .. Ongsakul et al. (1985) reported decreased phagocytic activity of blood PMN from 
rats deficient in vitamin A Bovine milk PMN incubated in vitro with retinol and retinoic acid had 
increased phagocytic and killing activity (Tjoelker et al., 1986). 

Health. A large number of studies have reported that animals deficient in vitamin A have higher incidence 
and severity of bacterial, viral, rickettsial and parasitic infections (Chew, 1987). 

• I 

Mechanism. The higher incidence of infections in vitamin A-deficient animals may be related the function 
of vitamin A in the maintenance of normal mucus-secreting epithelial cells. This host defense system 
serves as the first line-of-defense against the entry of pathogens. Of course, the immuno-modulatory action 
of vitamin A has a direct effect on infection. Vitamin A, in the form of retinoic acid, binds to nuclear 
retinoic acid receptors to regulate cell differentiation (Chew, 1993). Vitamin A also participates in post
translational glycosylation (Chew, 1987). 

5. Interaction of Antioxidant Vitamins 

Cooperative interactions exist with ~-carotene, a-tocopherol and ascorbic acid. Palozza and Krinsky 

(1992) reported that ~-carotene and a-tocopherol act synergistically in rat liver microsomal membranes to 

inhibit lipid peroxidation. ~-Carotene is a more active chain-breaking antioxidant nutrient at low oxygen 

partial pressures whereas a-tocopherol is more active at ambient oxygen tensions (Burton and Ingold, 
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1984). a-Tocopherol interacts synergistically with vitamin Cat the membrane-cytosol interface to 
regenerate membrane-bound oxidized vitamin E (Chan, 1993; Niki, 1987). The interaction among these 
antioxidant nutri~nts is likely very il?portant in protecting cells because the concentration of each·· 
antioxidant alone may not be adequate to effectively protect these cells against lipid peroxidation. 

B. B Complex Vitamins 

Immunity. Because the B complex vitamins are important cofactors in a large number of metabolic 
pathways, it is not surprising that these vitamins modulate immunity. Folic acid. biotin, pyridcixine, 
thiamine, cyanocobalamine, niacin, riboflavin and pantothenic acid are some of the B complex vitamins 
which have been reported to exert immuno-regulatory effects (Bendich and Cohen. 1988 for review) .. 
Certain aspects of both the specific and nonspecific cellular immunity have been shown to be depressed in 
animals deficient in folic acid (Morrey et al., 1984), biotin (Petrelli et al., 1981), cyanocobalamin 
(Thomaskutty and Lee, 1985), pyridoxin~ (Ha et al., 1984). 

Mechanism. Folic acid functions as an ellZyme co-substrate in single-carbon metabolism of amino acids 
and nucleotides. Biotin is important in the metabolism of lipids, glucose and some amino acids by acting as 
a mobile carboxyl carrier in carboxylase enzymes. Cyanocobalamin functions as coenzymes in the 
metabolism of propionate, amino acids and single carbon. Pyridoxal phosphate is the active form of 
vitamin B6 and serves as a coenzyme in the metabolism of amino acids 

·' 

SUMMARY 

Nutritional def'.i~iencies in vitamins and minerals can lead to depressed immune function. A compromised 
immune system will result in reduced animal production efficiency through growth retardation, high\ 
morbidity and mortality. Therefore, for optimal animal performance, the specific requirements for vanous 
vitamins and minerals must be satisfied, especially under conditions of increased stress. 
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ACIDOSIS AND FEEDBUNK MANAGEMENT OF FEEDLOT CATTLE 
~·· 

INTRODUCTION 

Robbi H. Pritchard, Ph.D, 
Professor 

Department of Animal and Range Sciences 
South Dakota State l,Jniversity 

In preparing this paper, I found references dated nearly 100 years ago on the subject of indigestion and 
feeding management for high grain diets. Since that time volumes of literature have been published by 
academic:ians addressing acidosis in feedlot cattle. I will v.enture to say that the definitive essay has yet 
to. be published. During the same century cattle feeders have probably discussed the "right way• to feed 
cattle perhaps more often than any subject ot_her than markets. 

After reading from the 1923 edition of Henry and Morrison's Feeds and Feeding, I am inclined to think 
the present publication is merely an updated redefinir:tg of the wheel rather than the long sought after 
definitive essay. Those authors reduced the problem of digestive upset to its simplest element, the cattle 
feeder. 'They further observed that •many an experienced stockman -can carry steers through the 
fattening period without getting them once 'off feed', but yet cannot well describe to others just why he 
is so successful". I am hopeful that the melding of more rece.nt knowledge of acidosis ~nd long known 
aspects of animal husbandry will allow for an advancement of knowledge in this area, 

The •scouring• referred to by Henry and Morrison is the acidosis problem of today. ·We often refer to 
acidosis as being acute or subacute although we do not have a diagnostic benchmark to distinguish 
these two forms. At best, diarrhea, founder and death are attributable to acute acidosis. Less s~vere 
diarrhea and loss of appetite_ are symptoms of subacute acidosis as well as other disorders. The!:!,e 
generalized observations provide little insi~ht into the etiology of the disorder. A review of the con<:iitions 
of acidosis may be useful before entering into a dis~ussion of its management by feeding strategi~s. 

RUMINAL CONDITIONS 

The rumen and the host animal each experience acido?is. The regulation of acid base balance is 
markedly different between the two _systems and merits consideration. The normal function of the r·umen . 

. is to produce acids .. The major VFA produced. during fermentation all have pf5a <4.8. To allow. 
fermentation to be continuous, microbial species and prevailing fermentative pathways must shift to 
reduce the production of free H+. During acetic fermentations associated with high fiber diets, butyrate 
and methane are common H+ sinks. Increasing the dietary starch component and subsequent rate of 
fermentation forces fermentative pathways to move towar9 propi9n~t~ production and a net uptake of 
H_+ for each mole of glucose fermented (Hungate, 1966). :rhe prevale_nce of lactate (also an intermediate 
of the acrylate peithway) increases under these cqnditions. 

Even _with these shifts, anaerobic metabolism has limited H + capture potential. The more effective 
regulator is to export .acid as VFA. The VFA are absorbed across the ruminal epithelium more readily 
in their reduced forms (Stevens, 1970) and longer chain VFA (that have captured relatively more H+) are 
absorbed more rapidly than acetate (Phillipson, 1977). These ruminal acid base balance (ABB) systems 
can be. overwhelmed and ruminal pH declines sufficiently to impair the normal microbial ecology and 
even to damage rume.n epithelial tissues resulting in rumenitis. The acid over-whelming condition .is 
precipitated by the combination of the quantity of carbohydrate fermented and ~ate of fermentation. 
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Large amounts of slowly f~rmerited carbohydrates do not cause ruminal acidosis .. Small amounts of· 
rapidly fermented carbohydrates do not cause ruminal acidosis. When fed ad libitum, lesser intakes of 
rolled wheat based diets causes acidosis when higher intakes of whole shelled corn based diets did not 
(Fulton et al, 1979). The steers fed corn were meal eaters while steers fed diets based on rolled wheat 
became nibblers. This eating behavior 9ifference became apparent when diets contained > 55% · 
concentrate. At lower concentrate densities eating patterns were similar among the two grain sources. 

This behavioral adjustment to acid loads is a consideration of bunk management. Fulton et al (1979) 
noted that ruminal pH declined to lowest levels 8 h after feeding for both grain sources, but ruminal 
contents were more acidic (pH 5.49 vs 5.27) when steers were fed wheat. The DMI was higher·for the 
com diets (9.51 vs 6.60 kg;·P<.01). The·mean ruminal pH observed during the 24 h sampling period 
ranged from 5.27 to 5.60. Ruminal lactate accumulations were negligible for either diet Based on these 
observations one must question whether the rumen was acidotic and if so at what point did this occur? 
Is it possible that the rumen was not fully acidotic but that the steers' acid base balance (ABB) regulation 
was challenged? 

SYSTEMIC CONDmONS 

The steer has three mechanisms for regulating ABB. Intracellular and extracellular proteins can bind H+. 
This system is quick, of limited capacity.and is effectively only a buffer since it does not eliminate H+ 
from the pool. Respiratory exchange allows for the transport of H+, from tissues where accumulation 
occurs, to the lungs via hemoglobin. Exchanges result in a net loss of H+ in expired H20 and a net 
production of blood HC03. The system responds quickly but has limited capacity. Extensive reliance 
on respiratory exchange can result in secondary physiological disorders.· The high volume system for 
ABB is via renal metabolism and excretion of H+ as NH;, H20 arid Na+ or K+H2P04. This ingucible 
system responds slowly. - Imbalances in the rates of ruminal acid production and renal responsiveness 
are likely occurrences. The extent that these animal systems of ABB regulation are challenged may be 
more closely related to modulation of feed iritake than ruminal pH. Perhaps through their effects on feed 
intake they may be responsible for significant variation in feed efficiency. 

The measurement of DMI changes may reflect acidotic conditions, but short term intake regulation is the 
key to managing the system. The strength of the appetite and subsequently the next meal size must 
be regulated by several variables. Leng (1993) advocated heat load as a primary intake regulator. 
Grovum (1993) proposed arguments that· osmolarity is a key satiety trigger. Stock and Britton (1993) 
observed that cattle do not eat when ruminal pH· is < 5.6. In the case of the grain fed steer, these 
variables are highly correlated with each other. They would be inherent factors when considering a total 
metabolic load (TML) of the rumen-animal system. As the total metabolic load on the system builds, 
ruminal and blood osmolarity are elevated, heat of fermentation and heat increment are increasing and 
ruminal pH is declining. Abatement of the acid load will correspond with resumption of. baseline values 
for these other variables. To simplify the system in my mind, I assume that the feedlot steer on high 
grain diets is normally eating meals to an acid load maximum, and I rely upon others to consider how 
these satiety signals are manifested. 

The development of acidosis occurs for only two reasons. ·Either a rapid episode of acid production 
occurs more quickly than can be accommodated by the regulatory mechanisms described previously 
or the total quantity of acid being produced exceeds the capacity of the ABB regulation system. The 
rapid episode of acid production is probably implicated in some rumenitis and all lactic acidosis. The 
overwhelming of systemic ABB regulation is probably driving. subacute · acidosis and acidosis where 
lactate accumulations are not observed. 
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The problem of ~ll overwhelmed systemic ABB system probably is much more peryasive than previously 
ackn_owledged. The strongest support of this may be responses by dairy cows to a positive di~tary 
cation anion balance. Increasing calculated DCAB to 30 mEq or greater increases DMI and milk 
production. This response is apparently not due to meeting specific mineral dietary requirements and 
altering DCAB certainly cannot be considered an anabolic therapy. It should however widen the anion 
gap of the animal and thereby enhance ABB regulation systems. It is interesting to consider this 
possibility when the lactation diets involved have relatively high roughage components:_ The high 
roughage diets should not result in too rapid an onset of fermentation. On the other hand, these cows 
consume a tremendous amount of feed and the total acid load that the animal must accommodate would 
be quite high. 

FEEDING MANAGEMENT 

The development of an acidotic challenge (AC) is apparently due to a relationship between the total 
quantity of carbohydrate consumed and the rate at which it is fermented. You as a nutritionist have a 
significant input into the nature of these factors in the diets you formulate. But it is the person managing 
the feeding and care of the cattle that has the greatest influence on whether these diets will or will not 
cause acidosis. The cattle feeders responsibilities do not end with merely providing a consistent quantity 
of a consistent diet. Managing intakes includes assuring a consistent consumption of feed. 

Managing intakes involves recognizing some ground rules. 

#L The default mode for appetite is to be hungry. Satiety is an inhibitor or down regulator mode. 
It is driven by the immediate metabolic status of the animal and behavioral stimuli. These may 
be desirable or undesirable drivers. 41._ 

#2 . The rumen-animal symbiosis functions most efficiently at relatively steady state conditions. lhg 
more conditions deviate from steady state, the greater the consequences of animal responses. 

#3 Cattle are creatures of habit. The development of good habits means supporting rule #2. All 
else belongs in the category of bad habits. 

#4 ~It is a long way between the bovine brain and the rumen. Behavioral responses occur without 
adequate consideration of ruminal conditions. 

#5 The feed delivered/head count does not equal the feed .intake for each steer in the pen. 

ERRATIC INTAKE PATTERNS 

When considering bunk management, a feed caller does not need to understand the biochemistry of acid 
production and its elimination by the rumen or the animal. If you visit with truly capable feed callers you 
recognize they do however understand the five rules. The ability to integrate this information and create 
a consistent feeding pattern has quantifiable biological and economic advantages. 

Figure 1 shows a nearly ideal intake pattern for a pen of steers. Started on a 90% concentrate diet at 
a restricted intake, feed deliveries increased in a consistent pattern for about 30 d. Thereafter, intakes · 
changed only gradually. -Inclement weather caused some minor deviation in intake later in the feeding 
period. These actual data are quite similar to the intake pattern described by Fox (NRC, 1987). If 
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graded levels of ,dietary roughage are used in the starting program the concentrate intake (not the DM 
intake) should follow this same pattern. 

Feed deliveries do not always follow this pattern. We compared managed feed deliveries with the 
concept of merely ensuring cattle were. never without feed (Fig. 2). Managed feed deliveries (group A) 
were somewhat erratic. The feed deliveries for Group B were very erratic. Large increases in feed 
deliveries occurred. On the days when feed deliveries were nil, there was excessive feed carryover that 
the manager expected ·the cattle to clean-up. Comparing performance results, it was surprising to see 
similar OMI for each of these groups. It was enlightening to see efficiency differences. Both groups of 
steers were fed once daily. Slick bunks were a common occurrence for Group A. Slick bunks were 
avoided for Group B. In reality these cattle· had access to feed in the same manner as if they were on 
a self feeder. 

Erratic feed delivery patterns can originate from two points of control; either the feeder provides erratic 
feed deliveries or the cattle are exhibiting erratic intake patterns. Galyean (1992) observed that 
fluctuating feed deliveries by 10% from day to day caused a marked reduction in ADG and increased 
feed/gain in heavy steers fed high grain diets (Table 1). In the same study, the shift to 7 d patterns of 
feed delivery changes did not.reduce steer efficiency. One could interpret that the 7 d.pattern was not 
erratic in a biological context. 

Wagner (1988} evaluated the effect of weighing and m1X1ng diets as opposed to estimating feed 
quantities and delivering "layered" ingredients. These backgrounded heifers were fed a diet of 39% corn 
silage, 39% alfalfa hay and. 22% concentrate for 114 d. Weighing and mixing did not affect feed 
consumption, but again efficiency was reduced with the presumably more erratic feeding system 
(Table 2). The combination of the techniques employed by Wagner (1988} and Galyean (1992) te create 
variation in feed deliveries probably occurs frequently in smaller feedlots throughout the Midwest. These 
conditions may be additive in their adverse effects on feed conversions. ,' 

A more problematic condition that apparently occurs frequently in well managed feedlots is depicted in 
Figure 3. In this situation, the feeder made gradual, steady increases in feed deliveries and allowed 
cattle time to adapt to each increase. Individually, these small increases were not sufficient to cause 
feed carryover. Eventually, the cumulative impact caused DMI to drop dramatically. These crashes can 
be predicted if feed deliveries are charted over time, but are not apparent when looking at previous 3 
d or 7 d averages. 

Apparently inconsistent feeding is detrimental to cattle performance. Again, Henry and Morrison (1923) 
had already addressed this issue with a quote from Mumford. "As soon as the fattening process begins, 
cattle should be fed at certain hours and in the same way. This cannot be varied 15 minutes without 
some detriment to the cattle. The extent of injury will depend upon the frequency and extent of 
irregularity ... • The skeptical reader should be cautious: Unless a prolonge9 consistent feeding program 
has been in place, the merits of these comments cannot be fully appreciated. 

The casual interpretation of these observations is . that consistent . feeding causes more steady 
fermentation and metabolism and thereby avoids acidosis. More likely, improved performance is 
accomplished by using consistent feeding schedules to create consistent eating habits. After all, it is 
what cattle eat, not what they are fed, that can lead to digestive upset. Hicks et al (1989) reported that 
peak eating activity occurred when cattle were fed. This behavior started when cattle were hungry and 
the habit persists throughout a prolonged, ad libitum feeding period. If consistent quantities of feed are 
delivered at consistent times, eating activity is probably consistent. 
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If the time between feed deliveries. is reduced, the behavioral stimulus to eat can conceivably override 
the physio_logical satiety signal. If satiety existed in these cattle because they were at their acid load 
maximum, then ABB system could become overwhelmed. The extent of the subsequent injury wo1..,1ld 
depend upon the •extent of the irregularity•. This situation is quite similar to the problems associated 
with the passing of low barometric pressure weather fronts. Cattle that were apparently on "full feed" 
sudden_ly appear to have increased appetites. It is common for cattle feeders to provide additional feed. 
It is equally common to observe disproportionately lowered feed intakes soon after this episode. In 
contrast, if feed deliveries are not increased in response to this behavioral appetite stimulus there is no. 
depression .in appetite after the front has passed. 

Many other factors can impact these eating habits. - Behavioral responses to adverse weather conditions 
may prolong the time between two meals and promote engorgement when feeding is finally resumed;· 
It is obvious in confinement barns that very restricted bunk space allows only dominant cattle to respond 
immediately to the presence of the feed truck. It is unclear what eating habits become established in 
the remaining cattle. The lower DMI associated with these facilities may in part be due to failure to 
establish desirable habits .. 

MANAGED INTAKE PATTERNS 

For consistent management to be considered effective, all of the cattle within a pen muS! establish a 
consistent eating behavior. I have shown you examples of entire pens being on erratic intake (or at least 
feed delivery) patterns. . A more insidious problem occurs when . groups within a. pen ~re experiencing 
erratic appetites out of sequence. In this situation feed deliveries which represent mean DMI appear 
consistent, but animals within the pen are experiencing digestive disturbances. Hicks et al (1989) noted 
that 7.5% of the steers they studied were not observed eating within the 24 h sampling perio&. They 
also· cited data by Doran (1985) where 20% of the subjects were never observed eating in a 24 h pe(iOd. 
Either the cattle never observed eating had markedly different, undetectable eating patterns or they Were 
off feed. The intermittent occurrence of watery stools observable in pens of cattle would be indicative 
of digestive upset existing in .subpopulations of the pen and would be consistent with the observations 
of Hicks .. et al (1989) and Doran (1985). 

The starting.period probably has a significant impact on eating patterns within a-pen. Systems that use 
high roughage diets and attempt to maximize DMI early in the feeding period are being _replaced. 
Systems.that maximize diet grain content early (<12 d) and allow mu9h of the DMI increase to occur 

-only after cattle are on the highest energy diet are now being used. Besides lowering roughage handling 
costs, . these programs probably help establish good eating habits throughout a pen. . The limited 
maximum intake strategies described by Xiong et al (1991) suggest deyejppment qf eating habits may 
be cultivated and may provide favorable performance responses especially when dietary roughage 
content is low. 

We typically use only the finishing diet to start new cattle on_fE?ed .and simply manage the quantity of 
feed delivered daily. In this system, cattle become aggressive and consistent meal eaters. Diarrhea can 
occur frequently and cattle continue to actively compete for feed. Holding DMI constant for 2 or 3 d will 
cause cessation of diarrhea No additional roughage or buffer is added indicating adaptation by the 
animal. If feed deliveries are increased for a pen experiencing diarrhea, intake will increase for 24 or ;36 
h after which appetite depression .occurs.· 
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Specific keys to. bunk management involves recognizing the 5 basic rules and trying to m1rnm1ze 
variations (as the measure of consistency). Further discussions assume feeding schedules and the diet 
mix are consistent. 

To maintain steady intake patterns, I feel the feed caller needs a record of feed deliveries and feed 
carryover for at least the four previous days. Averaged previous deliveries provide little indication of 
intake patterns. Feed deliveries alone do not represent feed intake if feed carryover is not included .. A 
single day with a slick bunk does not mean a pen needs more feed. A pen of cattle can apparently 
consume a 10% to 30% overfeeding error in 24 h. Depressed feed intake caused by the 
overconsumption episode may not become apparent until 48 to 72 h after the error or misjudgment is 
made. The one day slick bunk can also be a reflection of behavioral appetite stimulus which does not 
merit an increased feed delivery. 

Not all feed carryover is created equal. During feed delivery, inconsistent feed depth can occur in 
sections of bunks. Greater feed mass per linear foot of bunk means feed remains in this area longer and 
causes increased competition for feed. This feed loses condition rapidly. In warm weather it can 
become unpalatable with hours~ This feed does not represent reduced appetite. It does hint that some 
cattle may have sharper appetites the next time fresh feed becomes available. In cold weather, sections 
of bunk exposed to .strong winds are avoided by cattle. Eating activity concentrates at more protected 
sections of the bunkline. Feed in the unprotected sections may freeze and lose condition. Eating 
patterns (meal size and time) become interrupted in that pen as more cattle compete for less feed in a 
restricted area where protection exists. Periods of severe wind chill will delay eating schedules for pens 
and entire feedlots, creating carryover feed. As the wind abates, eating activity becomes particularly 
aggressive. A good feed calling system will account for these various conditions and circumstances to 
minimize overconsumption problems. The common substitute for effective bunk management euring 
winter months in northern climates is to increase the roughage component of the diet. Feed intak.es 
remain variable, but the starch intake variation is reduced by dilution. -' 

Stock and Britton (1993) indicated that monensin can effectively reduce day to day variations in DMI by 
individual steers fed high grain diets. Loy and Maxwell (1994) observed that on a pen basis, this effect 
is most pronounced early in the feeding period. In contrast, with inadequate feeding management 
monensin may increase intake variability. We evaluated the effect of various dietary monensin levels on 
the intake of newly weaned calves being fed a predominately corn silage diet. The intake patterns for 
the control groups (no monensin) are shown for two feed callers (Figure 4). The % change in DMI due 
to_ feeding 10, 20, or 30 gfT monensin for feed caller A is shown in Figure 5. The adaptation to 
monensin is obvious. A similar calculation in % change in DMI for feed caller B caused a markedly more 
erratic response to the ionophore (Figure 6). In contrast, when feed caller B fed 100 or 200 mg 
monensin·heacf1·cf1 regardless of the amount of base diet fed, the% change in DMI pattern was similar 
to that created by feed caller A (Figure 7). We interpret these results to indicate that monensin, if 
consumed at consistent rates, will minimize day to day variation in feed intake by individuals, but that 
it does not solve the problem of undesirable feeding patterns. · 

Considering the consistency of the feeding program becomes more complicated by considering options 
in feeding schedules. Systems vary from one feeding daily to self-feeding with increments of two or 
perhaps three feedings used on most fed cattle. Once daily feeding using whole shelled com as the 
grain source can be done efficiently and effectively. Feeding 2 or 3 times daily may help minimize the 
effects of behavioral stimuli, jostled feeding schedules, poor feed deliveries and excessive competition 
on the size of a given meal and the aggressiveness of appetite prior to the next feeding. We have 
observed that the most effective use .of 2/d feedings occurs when bunks are read and feed calls are 



made for a 24 h period rather than just for the next feeding. Making within day adjustments on feed calls 
results in overmanaging feed deliveries and creates inconsistent consumption patterns. Delehant et al 
(1993) data indicates that restricted feeding twice daily at 95% ad libitum improved efficiency over once 
daily feeding ad libitum. This response is consistent with arguments for managing eating behavior and 
preventing overconsumption potentials. 

Self-fed cattle probably become nibblers much lik.e the wheat fed cattle described by Stock (1993). 
Large differences in closeout efficiency are observed within a farm using self feeders. Observed 
episodes of acidosis in pens with poorer efficiencies suggest inadequate eating patterns may have been 
occurring. 

CONCLUSIONS 

When we remove most of the roughage from cattle diets, we assume the responsibility for the intake 
regulation that roughages provide. When diets contained 20 or 30% roughage, keeping cattle full, kept 
cattle on feed. Reducing dietary roughage content to < 10% and increasing fermentability of the grains 
used, apparently challenges the adequacy of previous feeding methods. These more energy dense diets 
magnify the advantages of establishing feeding programs that promote consistent eating patterns. 
Further observations into the impact of a variety of management, environment and behavior factors on 
eating activity of cattle may allow us to reclassify acidosis from an idiopathic problem to a manageable 
condition. 
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Figure 3. Cyclic Feeding/Intake Pattern 
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Figure 6. Monensin Effect on Intake 
Patterns. Feed Caller A. 
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Figure 6. Monensin Effect ·on 
Intake Patterns. Feed Caller B. 
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Figure 7. Effect of Controlled Monensin 
Dosage on Feed Intake Patterns. Feed Caller B. 
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'Table 1. Effect of Cycling Feed Deliveries on Feedlot Performance 

Constant Daily Weekly SE 

Initial Weight 829 835 832 3.9 

Final Weight 1100 1089 1100 3.5 

ADG 3.238 3.02b 3.188 .05 

DMI 17.2 17.2 17.2 .06 

F/G 5.338 5.70b 5.428 .10 

a,bMeans differ (P<.10) Galyean et al, 1992 

Table 2. Feedlot Performance of Heifer Calves From High 
and Low Management Groups8 

High Management Low Management_ 

Initial Weight, lb 

ADG, lbb 

DMI, lb/day 

Feed/Gain 

8Feeding period was 133 days 
l>rreatment effect (P<.05) -

476 

1.82 

16.59 

9.12 

163 

474 

1.65 

17.05 

10.38 

Wagner et al, 1988 
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EFFECTIVE MANAGEMENT OF RUMEN CARBOHYDRATES 
IN RATIONS FOR DAIRY CATILE 

James E. Nocek 
Research & Product Development 

Agway Inc., Syracuse, NY 

Optimizing production performance in lactating dairy cattle depends on our ability to predict and manage 
carbohydrate-energy available in the rumen to maximize microbial yield and still maintain normal rumen function: 
Microbial energy (VFA) and protein must then be supplemented with rumen undegradable starch, protein and fat to 
optimize the milk production response. Structural carbohydrates: acid detergent fiber, (ADF) and neutral detergent 
fiber, (NDF) have been utilized in dairy ration formulations as negative indicators of energy density. NDF has been 
identified as a predictor of dry matter intake, and ADF related more to digestibility. However predictability of intake 
and digestibility from chemical parameters varies widely with forage. Nonstructural carbohydrates (NSC) are more 
consistent in quantity and digestibility. Starch comprises the major portion of the NSC fraction, of which processing 
can influence rumen degradability. Production studies have shown an optimal level of NSC to maximize milk yield. 
Rumen degradable carbohydrate/starch as a qualitative measure in dairy ration formulation is emerging as data bases 
are developed. Optimizing the synergiSlJ! between protein and carbohydrate use at the ruminal, postruminal and 
mammary gland level will ultimately be key in maximizing efficiency of milk yield in dairy cattle. The objective 
is to max,imize microbial synthesis and fermentation endproducts while minimizing disorders such as acidosis and 
lameness. 

QUANTITATIVE MEASURES OF CARBOHYDRATES 

Acid Detergent Fiber 

The acid detergent fiber (ADF) fraction of feedstuffs includes cellulose and lignin as primary components. t\PF and 
lignin concentrations are related more to digestibility than to intake (-.75 and -.46 for ADF digestibility and intake, 
respectively (57). Relationship between ADF and digestibility is influenced by several factors including forage 
variety. maturity at harvest, and storage conditions etc. (36, 58). Mathison (23) developed equations relatiflg ADF 
to digestible energy content in various forage types. They are as follows: alfalfa; r=.46; legume-grass; r=.58 grass; 
r=.~- and whole plant cereal; r=.34. Present systems to feed dairy canle are based on a prediction of NEi. from 
ADF as well as NDF content. 

l\eutral Detergent Fiber 

!'ieufral detergent fiber (NDF) consists of ·cellulose, hemicellulose and lignin. NDF has been used to estimate the 
. energy value of feed (27) as well as dietary bulk density and fill (29). It has been identified as highly related to DMI 

and depression in digestibility associated with high intakes (28, 58). 

An NDF Energy Intake System to formulate dairy rations has been proposed (29). The system is based on the 
concept that feed intake is regulated by two mechanisms: 1) rumen fill and 2) energy density. The objective is to 
identify optimal NDF contents that will maximize forage and fiber intake, in conjunction with meeting specific 
energy requirements at a given milk yield. It was identified that a challenge associated with this system is it assumes 
NDF regardless of origin behaves equally in the cow. Density, particle size, dry matter content of forage have a 
significant effect on rate and extent of digestion, chewing time, and rate of passage of the fiber material. 
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A basic challenge ~ith this ~ystem is the ability.ofNDF, as a single quantltative meas~e. to predict dry matter 
intake. Mathison (23) showed that voluntary consumption of forages was. not predicted well by NDF content of 
forages, in that the pe~cent of variation in DMI explained by NDF was only 8, 24, 6 and 4 for alfalfa, legwne-grass, 
grass and whole plant cereal forages re$pectively. Others (15, 25, 43) have also demonstrated similar lack of a 
consistent relationship. · 
Briceno et al. (4) showed no constant relationship of NDF level with DMI and milk yield across a variety of forage 
sources, (DMI, r2=.07 and milk yield, r2= .09). They concluded that forage source should be considered individually 
if NDF is used to fonnulate Qairy rations. Chandler (8) compared several equations to predict NEi_ when compared 
to NRC valµes as a standard of co~parison. AJ.though, comparison to the standard NRC values may not be 
appropriate, since specific equations were devel~. with regional forages. .. . · ' · 

- ' . .· . ' . ' 

In theory, NDF should more accUrately predict intake based on biological phenomena (29) .. However it is not a 
perfect nutritive entity as a single measurement and does not completely describe :ruminal availability (cell wall 
content . .Ys. digestibility, r2=.45, 59). ' 

Nonstructural Carbo~ydrates (NSC) : ~-

Nonstructural (NS) carbohydrates are composed of sugars, starches and pectins. Pectins are associated with the cell 
wall, but are not covalently linked to the lignified portions and are almost completely digested (90-100%) in the 
rumen. · Galactans are unique to legumes in replacing starches as the carbohydrate reserve and fructusans are the 
storage material in temperate grasses (58, 59). Beta-glucans are peculiar to the cell wall of grasses and the bran of 
oats, barley and rye (1). Starch is the major storage carbohydrate in most cereal grains and constitutes .a majority 
of NSC. It is composed of two major molecules: amylose and amylopectin. · Amylose is a linear polymer of alpha 
1-4, D-glucose units. Amylopectin is a branched polymer with linear chains of alpha -1-4, D-glucose that has an 
alpha branch point every 20-25 glucose residues (12, 49). Amylose and amylopectin molecUles are held together 
by hydrogen bonding. Starch granules are cold water insoluble and swell reversibly.· Starch granules are "pseudo
crystals" that contain regions of organized "crystalline" form (primarily amylopectin) and also non-orgaitized 
"ainorphous" areas. The crystalline regions are quite resiStant to water infiltration, whereas water moves freely 
through the amorphous areas (12, 49). · - · ·· ' 

Various methods have been utilized to predict NSC. Enzymatic }Jrocedures have used amylase or taka-diastase (6, 
13, 14, 22). Difference equations have been developed and are listed as follows: 

Sniffen (54): 
Total carbohydrate (TC)=lOO - (crude protein+ ether extract+ ash) 

Non-fiber carbohydrate (NFC) = £?tal carbohydrate - NDF 

Nocek (32): 

I. 

Neutral detergent solubles (NDS) = 100 - NDF 

.Nonstructural carbohydrate (NSC) = NDS-(cru~e protein + ether_ extract + asp in. ND~) 

Figure 1 (a,b,c) illustrates the relationship among starch, 1NC and NSC (Data base from #34). The enzymatic and 
difference procedures are only moderately correlated (r= .65 and .74). Much of the variation is associated with 
the specificity of enzymes used in the starch and 1NC analysis. In addition, difference procedures usually account 
for more carbohydrate types (mainly pectins etc.) .~specially for forages and by-products. 

Lactation Studies With NSC 

deVisser and deGrott (11) fed early lactating cows grain mixes containing 20, 30, 40 and 50% sugar and starch. 
Grain intake decreased as level of starch in the concentrate increased, thus, total .DM intake was lower for high starch 
treatments. Milk yield and fat percentage also decreased linearly with increased starch. The incidence of off-feed 
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cases was 3, 13, 63, and 69% for 20, 30~ 40 and 50% starch levels, respectively. MacGregor et al. (22) conducted 
a study where cows were fed low (24.9%) or high (32.9%) starch-containing diets. Cows fed high-starch dietS 
increase in milk production (P<.08), SNF (P<.07) and DMl (P<.08) compared to the low-starch diet 

Three early lactation cow studies (32) were conducted to determine the appropriate level of NSC, determined by 
difference (27), for maximal milk production. Each study evaluated a different forage program as follows: 100% 
alfalfa silage (AS), 100% com silage (CS) and 50% CS:50% AS. The NSC of the total rations in each experiment. 
were manipulated through the grain mix and were dose responsed within the forage program. The results showed 
the optimal level of total ration NSC for maximal milk yield appeared to be the same level for each forage program. 
There were no significant differences in fat test among treatment within each forage program. These data suggest 
NSC may be a predictable nutritive measurement across a range of forage programs. 

Hoover et al. (16) recently concluded from continuous culture studies that diets with an NSC level of about 37% of 
DM provided sufficient energy for optimum, microbial growth. Lactating cow studies indicated that diets formulated 
to contain 33 and 39% NSC with 11.9 and 13.7% of DM as de~ble intake protein (DIP) had higher intakes, 
microbial protein flow, milk production and lower cost than a diet with 24% NSC and 8.4% DIP with added by-pass 
protein and fat 

Batajoo and Shaver (3) recently fed cows four different levels of non-structural carbohydrates ranging from 24-42%. 
Results U:idicated that more than 30% dietary NSC was recommended and suggested little benefit of 42 over 36% 
NSC diets. It is important to realize that NSC levels in total rations vary depending on the method used to estimate 
NSC. Since components of the NDS fraction are not considered in some equations, this can underestimate NSC 
levels. 

QUALITATIVE MEASURES OF CARBOHYDRATE 

Rumen Degradable Starch (RDS) 

Suµ-ch is the primary NSC source fed to cattle. Table 1 shows several commonly used starch containing ingredients 
and their digestion profile (7). The range in rumen degradability ranged from 57.8% (corn) to 98.3% (barley). 
Processing (physical and chemical) can have a major influence on starch site of digestion (rumen or small intestine, 
37). Table 1 also illustrates the influence of grinding on ruminal starch degradability. Decreasing particle size from 
6 to .8 mm increased com starch degradability by 31.4%, whereas for barley, 8.8%. Table 2 shows the relative in 
vivo ruminal digestion of starch as influenced by various processing methods in daiiy cattle. 

_Rumen Degradable Carbohydrate __ _( 

Although starch is an important source of carbohydrate energy for microbial yield, the energy contribution from 
structural carbohydrates can be significant. Thus, the tOtal contribution from NS and Structural CHO must be 
considered. Except for a few ingredients primarily corn or barley, there were very few estimates of ruminal 
carbohydrate digestibility found in the literature. Nocek and Russell (33) developed the following equation to 
account for both structural and non-structural carbohydrate digestion in the rumen: 

Rumen degradable carbohydrate (RDC) = 
[0.9 (NDS - (protein + lipid) + (NDF x NDF availability] 

[(NDF - (protein+ lipid)) + NDF] 

where NDS = neutral detergent fiber and NDS = neutral detergent soluble (100-NDF). Unpublished work from our 
laboratory and others indicates that NSC, especially forages, is highly digested in the rumen by 24h, thus reference 
to the 0.9 value. Measurements for carbohydrate degradabilitites ranged from 54.6 to 87 .3% for concentrates and 
45.3 to 82.5% for forages (33). 

Researchers from Denmark (17) use digestible carbohydrate (DCHO) as a determinate for microbial nitrogen yield 
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(MN). This value is the sum of digestible nitrogen free extract (DNFE) and crude fiber (DCFi). The equation for 
primarily roughage is: MN = .037 (DNFE) + .059 (DCFi), r2 = .96 for primarily concentrate diets is MN = .~35 
(DNFE) - .021 (DCFi), r2 = .77 They demonstrated that the inclusion of digestible crude protein revealed no 
significant contril]ution to the predictability of MN synthesis in the rumen and suggested that DCHO was a better 
determinate for microbial yield than.ROOM. 

Carbohydrate Use in Predicting Microbial Protein Yield 

The National Research Council (31) has proposed a system of protein evaluation in ruminants where microbial crude 
protein (N x 6.25) yield is predicted by intake of Net Energy-Lactation. The prediction was derived from regression 
analysis of a data set where in vivo measurements of microbial N yield were made in dairy cattle. Several studies 
and 119 separate diet observations are included. Dry matter intake ranged from 3.5 to 20.0 kg/d .. The wide range 
is due to the inclusion of data from non-lactating animals. The regression analysis based on NEi. intake has fut r. 
= .77. 

Our lab assembled a separate data base for the purpose of examining the effects of nutrient intake and digestibility 
characteristics on microbial protein yield in lactating dairy cattle. The microbial data base included in vivo data of 
81 separate diets fed to cannulated lactating cows only (3, 9, 14, 18, 20, 21, 24, 26, 35, 38, 42, 45, 47, 48, 50, 51, 
52, 53, 54). Microbial N yield (MNY) was regressed on several measures including the in vivo measurement of 
organic matter truly digested in the rumen as well as nutrient intakes including NEi_. Dry matter intake ranged.from 
12.4 to 25.5 kg/d, organic matter digested ranged from 4.4 to 12.4 kg/d and microbial N flow from 100 to 480 g N/d. 
NEi. intake ranged from 19.2 to 42.5 Mcal/d. 

Net energy intake regressed on ~·resulted in the following equation: MNY = 56.30 + (7.30*NEJ, r= .28. This 
differs considerably from the NRC equation (MNY = -30.92 + 11.45 * (NEJ, r2 = .77 in its ability to account for 
variation in MNY. Due to the small r2 value, alternative equations were tested. Stepwise multiple linear regression 
analysis indicated that the most satisfactory equation was: (Equ. 1) MNY (g/d) = 12.15 + 11.78 (NSC) + 77.9 eRDP) 
+ 4.48 (RDS)+ .76 (NEJ, r2:: .41, where each component is expressed as kg NSC, RDP, RDS or Meal (NEJ 
intake per day. Clearly, there is a great deal more information needed concerning the prediction of rumen MNY ,in . 
lactating dairy cows. Variation dqe to marker sampling and analytical techniques may account for a significant 
portion of the variation in MNY. The remaining variation would presumably be due to other, as yet unrecognized 
or uncontrolled, dietary or animal effects. 

Relationship Between Microbial Protein Yield and Milk Yield 

In order to explore relationships between microbial protein yield and milk yield, a production data base was 
assembled from the literature (5, 6, 13, 14, 14, 16, 18, 19, 24, 30, 35, 39, 46, 56). A total of 14 studies consisting 
of 62 diets were included and the protein and carbohydrate fractions of each diet were calculated. Dry matter intake 
was used to calculate intakes of various nutrients. Milk yield averaged 34.8 kg/d. 

Equation 1 was used to predict MNY for each diet in the production data base. Milk yield was regressed on 
microbial protein yield {kg/d) and rumen escape protein {kg/d) with NEi. intake (Mcal/d) as a covariate. Escape 
protein was based on actual in vivo measurements for 24 diets and available degradability data for the other diets. 
Quadratic components were included in the model (Figure 2, r2 = .64, P<.01, CV= 9.0%). 

Although this regression is to some degree an extrapolation, it points out some important relationships. At low 
microbial yields and low intakes of rumen escape protein, milk yield is projected to be very low. There was a 
general increase in milk yield as the quantity of rumen microbial protein increased. When microbial yield is low, 
a linear response to escape protein would be expected, because of the deficiency in overall protein supply. As the 
microbial protein contribution increases, less escape protein would be required in order to meet the net protein 
requirement of the host animal. · . · •· 
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Relationship Between Qualitative Carbohydrate Measures on Production Performance in Lactating Dairy. 
Cattle · · 

Various by-product fiber sources are utilized to provide effective fiber and digestible carbohydrate in the diet. This 
is especially true when forage suppliers are limited and/or forage quality is poor. Several fibrous byproducts, i.e. 
soyhulls, cottonseed hulls, oat hulls, rice hulls, etc. as well as materials such as beet pulp are commonly used tO 
replaee effective fiber or provide effective fiber and digestible carbohydrate in the diet. Many of these sources · 
although very high in fiber are extremely high in digestibility which enhances ability of these ingredients to provide 
carbohydrate units as well as maintain proper rumen function. Weidner and Grant (62) fed two different levels of 
soyhulls, with and without the inclusion of coarse chopped alfalfa hay to evaluate the effect of replacement of 
soyhulls for forage in the ration. Their conclusion was that when high quality forage is limiting, dietary NDF from 
forage can be reduced to 45% with the ~nclusion of 25% soyhulls and 20% coarsely chopped alfalfa hay. 

Poore et al. (40,41) demonstrated that digestibility of fiber components especially cellulose was decreased when the 
rumen degradable starch in the diet was increased by the addition of steamed flaked sorghum grain. They also 
showed that substituting chopped wheat straw for alfalfa hay did not affect dry matter intake, milk yield, or milk 
composition. These authors also indicated that an increase in the rumen degradibility of starch was only beneficial 
when the ratio of forage NDF to rumen degradable starch was maintained above 1: 1. They felt this ratio was critical 
in predicting performance responses when dietary ingredients varying in NDF content and rumen degradability of . 
starch were utilized in lactating cow diets The magnitude of fiber depression wjth diets containing steam flaked 
sorghum was probably related to the ratio of forage NDF to rumen degradable starch, (1:1). 

In order to identify relationships between chemical carbohydrate measures and production performance iii lactating 
dairY cows, a production data base was assembled from the literature (5, 6, 10, 13, 14, 16, 18, 19, 24, 30, 35, 39, 
44,'61). A total of 14 studies consisting of 62 diets were included. The NEr,, ADF, NDF, Starch and NSC intakes 
were calculated. Milk yield averaged 34.8 kg/d. 

• 
The correlation coefficient between NDF concentration and ruminal digestibility was .45 (Table 3). This relationship 
suggests that the digestibility of NDF and, therefore, the ruminal energy contribution from NDF varies with source. 
NSC anq starch concentrations were positively related to ruminal starch availability (r = .71 and .92, respectively).·~-:. 

Table 4 shows the relationship between rumen degradable CHO variables and production performance. The amount 
of rumen degradable NDF intake was not related to DMI. However, the amount of rumen escape NDF was highly 
correlated to DMl (r = .77), which would suggest as more NDF is cleared from the rumen~ a greater capacity for 
intake exists. Although rumen degradable NDF and starch separately were not highly correlated to DMI, the 
combination of these variables incorporated into the ROCHO equation was highly related to DMI. This may reflect 
the greater proportion of rumen available energy accounted for in this calculation. Rumen degradable CHO was 
more highly correlated to milk yield and milk protein percentage ( r = .54 and r = .57, respectively) than the separate 
entities of NDF or starch. Nocek and Russell (33) developed a data base with cows producing greater than 30 kg/d 
of milk. Total carbohydrate was calculated as [NOS - (protein + lipid) + NDF]. The RDC equation previously 
described was used to evaluate rumen degradable carbohydrate intake. Using the intake values obtained from these 
cows, their diets would contain 78% carbohydrate and 53% RDC, as a percent of CHO intake. 

Effect of Site of Starch Digestion on Milk Yield 

A major determinant in identifying whether or not manipulating site of carbohydrate digestion is feasible, is 
production performance. To date, most studies have evaluated ingredient effects, with the basic premise that concepts 
such as rumen degradable starch, escape starch and carbohydrate degradability would follow. There may be inherent 
factors which will not allow specific ingredients to conform to a conceptual framework. 

Table 5' shows recent studies that have dealt with manipulating the site of dietary starch digestion in dairy cattle. 
These four studies provide no consistent evidence that increasing post-ruminal starch enhances milk yield and/or 
alters composition. In two of the studies (24, 39) increased ruminal starch digestion resulted in increased milk 
production. Three of the studies were confounded by differences in dry matter and energy intake associated with 
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site digestion. Starch intakes in these st_udies ranged from 24 to 44% of DM, and Rumen Degradable Starch from 
49 to 85% of starch intake. It appears that diets with total tract starch digestibilities of 85% and greater resulted in 
the highest level of milk production. 

. --
If the lower gut is provided with large quantities of starch (4.7 kg? #24), increased dietary glucose may be available 
to support increased lactose synthesis for milk production. However, the mechanics may be through sparing 
endogenously s}'nthesized glucose from oxidative metabolism rat.!1er than an increase in _net glucose from absorbed 
dietary sources 04) .. 

Guidelines for Inclusion of Different Carbohydrate Fractions in Rations of Lactating Dairy Cows 

Based on studies with lactating dairy cows producing greater than 30 kg of milk, general guidelines for different · 
carbohydrate fraction concentrations can be considered (% of total ration DM): 

NDF: 25-30% 
NSC: 35-40% 
Starch: 30-40% 

When considering rumen degradability parameters, the following_ general guidelines can be considered: 

Rumen Degradable Starch: 
Rumen Degradable NDF: 
Rume~ Degradable CHO: 

50-75% of total starch 
· 50-60% of total NDF 
50-55% of total CHO 

These guidelines should only be considered after lOtal. ration energy (NEJ requirements (NRC) are met for the 
specific animals in question. 

Method of starch and NSC determination and rumen degradability procedure utilized can have a significant influence 
on the analytical measure developed. Particle size, processing method and moisture content can also significantly 
influence rumen availability determinations. Particle size of structural carbohydrate fractions to maintain normal 
rumen function is a key consideration not addressed here. In addition, storage and processing procedures of both 
structural and NS CHO can dramatically influence rumen degradability. It must also be realized that appropriate 
nitrogen fractions must be provided with these various carbohydrate fractions in order for optimal microbial synthesis 
and carbohydrate utilization to occur. 

1 ~ -. 
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Table 1. Effect of feed type and fineness of grind on in situ starch degradation 
. ~ 

'"~- f • 

Barley .8 8.20· 18.0" 0 .571" 98.3" 

Com .8 26.s• 73.S" 0 .011• 57.8" 

Oats .8 94.S" SS 0 .011• 97.4" 

Peas .8 SS.9d 44.ld 0 -.207' - 90.Qd 

Wheat .8 82.8" 16.8" .3 .254' 96.4' 

Means with different superscripts in the same column are significantly different (P<.05). 

Barley .8 82.0" 18.0" o· .571" 98.3" 

3.0 so.8" 49.2" o· .490" - 94.6"" 

6.0 46.6" 53.0" .4" .304' - 90.6" 

Com .8 26.s· 73.5" o· .045° 57.8" 
...... 

3.0 30.S" 66.2" 3.3" .oss· 61.0" 

6.0 0.0" 99.3" .1·- .048" 44,0" 

Means with different superscripts in the same column within feed are significantly different (P<.05). Cemeau and Michalet-Doreau, 1991 (6) 



Table 2. Effects of starch and processing on site and extent of starch digestion in dairy cattle. 
1 !. 

Corn: 

Ground/grd 25 8.30 60.5 39.5 62.4 85.2 

RoUcd/grd 2 9.62 ro.9 - 39.I --- 59.6 84.2 

Steam roUcd 6.7 65.0 35.0 51.5 83.0 

Steam flaked/grd 10.94 60.6 39.4 62.8 85.3 

Barley: 

Ground II 7.07 71.0 29.0 59.8 88.4 

RoUed 62.3 71.2 28.8 79.6 ·94.3 . 

RoUed/grd 2 5.9 56.3 . 43.7 57.6 81.5 

- Miio: 
-...J 
N 

Ground 2 6.5 56.l . 43.9 55.6 80.6 

Rolled/grd 2 5.4 45.0 55.0 62.2 79.2 

Reg rolled 6.73 48.0 52.0 45.4 71.6 

Steam rolled 6.37 84.8 15.2 38.9 90.7 

Oats: 

Whole 4.36 64.l 35.9 77.7 92.2 

Rolled 2 4.85 64.3 35.7 85.5 94.7 

Wheat: 

Rolled 6.93 72.2 27.8 86.5 96.2 

.. 
v 

"'.>. 

,-------------- --



Table 3. Relationship between carbohydrate and rumen degradable carbohydrate intake variables1
• 

NDF .45* .31 

Starch .()<) .71* 

CH02 .42* .82* 

*P<.01 
1Date base: 14 lactation studies: Mean DMI = 20.9 kg/d 
2RDCHO = [(.9 (NSC) + RD (NDF))/(NSC + NDF)] x 100 

.46* 

.92* 

.69* 

.. 
Table 4. Relationship between rumen degradable carbohydrate variables and production performance 

in dairy cattle1. 

DMI -.032 .43* .77* 

Mille Yield -.31 .40* .54* 

Protein -.48* .52* .57* 

Fat .13 .03 -.10 

*P<.01 
1Data base: 14 lactation studies, Mean DMI = 20.9 kg/d. Mean Milk Yield= 31.9 kg/d 
2NDF escape vs. DMI: r = .77. " 
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Table 5. Effect of starch source on site and extent of starch digestion and production performance in Holstein cows. 

McCarthy et al. GSC 23.8 
(23) 

Herrera
Saldena & 
Huber (12) 

Olivera & 
Huber (34) 

Poore, el al. 
(38) 

SRB 20.7 

ORB/ 
CSM' 

25.3 

ORB/ 23.7 
BOG' 

ORM/ 24.3 
CSM7 

ORM/ 23.8 
BDG1 

SRc' 

SFM 11 24.8b 

50% 29.4. 

ORM/ 
50% 
SFM 

ORM 20.7 

SFM 20.3 

1 Apparent postruminal digestion 
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FIGURE 1. Relationship Between Quantitative Measures of 
Non Structural Carbohydrate 
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Figure 2. Effect of predicted microbial protein yield and intake of rumen escape 
protein on milk production at a constant NEL intake. 
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AMINO ACID REQUIREMENTS OF LACTATING DAIRY COWS 

INTRODUCTION 

C. G. Schwab 
Department of Animal and Nutritional Sciences 

University of New Hampshire 

It is a great tribute to the ruminant specie that present-day production levels have been attainable without 
knowledge of amino acid (AA) requirements. This has been possible because ruminally synthesized -
microbial protein, which possesses an apparent excellent AA composition for maintenance and pro,duc
tion, typically supplies most of the absorbable AA._ However, it is this very attribute that led us into a 
state of complacency and the belief that we could balance diets for ruminally undegraded intake protein 
(UIP): (1) without knowledge of the AA requirements of the host animal, (2) without considering the AA 
composition and intestinal digestibility of the UIP fraction of feed proteins, and (3) without a ration 
fonnulation program thatpredicts passage of absorbable AA to the small intestine. 

After a decade of frustration, there is now a growing interest in balancing dairy rations for AA. Reasons 
for this include the realization that intestinal AA profiles are influenced by diet composition and that the 
resulting balances, particularly during early lactation, often are not adequate to maximize milk protein 
production and efficiency of feed protein utilization. These reasons take on added significance' because of 
the growing emphasis on milk protein and milk protein pricing, the increasing attention that must be 
given to ration fonnulation to support higher levels_ of production, and the increasing desire to minimize 
wastage of dietary protein in_relation to milk protein production. 

LIMITING AMINO ACIDS 
~ .. 

Direct evidence as provided by abomasal or duodenal infusion studies indicates that lysine (Lys) and 
methi_onine (Met) are generally the two most limiting AA for protein synthesis in both growing ruminants 
(Merchen and Titgemeyer, 1992) and lactating dairy cows (Rulquin and Verite, 1993; Schwabe( al., 
1993). This should not be too surprising given the combined observations that: (1) Met and Lys are first 
and second limiting in ruminally synthesized microbial protein for N retention in growing sheep (Nimrick 
et al., 1970; Storm and Orskov, 1984) and cattle (Richardson and Hatfield, 1978), (2) most feed proteins 
have !ower amounts of Lys and Met, particularly of Lys, than rumirially synthesized bacterial proteiii. 
(fable 1), (3) the contribution of.Lys to total EAA in UIP often is slightly lqwer than in the same feeds 
before exposure to ruminal fennentation (Rulquin and Verite, 1993 ), and (4) Lys and Cys are more 
susceptible to processing effects and may have lower intestinal digestibilities than other EAA in UIP. 
Regarding the last point, it is noteworthy that intestinal digestibilities _of Lys and Cys usually are lo~er 
than of other AA for swine and poultry. The digestibility of Lys is particularly low in many cereal 
byproducts feeds and the digestibility of Cys is low in several animal protein meals. 

The sequence of Lys and Met limitation is detenninec1 by their relati_ve concentrations in UDP. For 
example, Lys is first-limiting when corn and corn-byproducts provide most of the UDP for growing cattle 
and lactating dairy cows, whereas Met is first-limiting when little UDP is fed or when most of the UDP i.s 
provided by legume or animal-derived_ proteins (Merchen and Titgemeyer, 1992; Rulquin and Verite, 
1993; Schwab et al., 1992a; Schwab et al., 1993). Feeds of com origin (e.g., com grain, corn gluten 
meal, and com distillers grains) are low in Lys and higher in Met, whereas legui:ne (e.g., soybean meal) _ 
and· animal-derived proteins (e.g., blood meal and me~t and bone meal) are low in Met and high~r in Lys 
(fable 1). 
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AMINO ACID REQUIREMENTS , i.,, 

There are two ways of estimating AA requirements for ruminants: the indirect "factorial" approach and 
the direct "dose-response" approach. The factririal approach is a mathematical mefuod and involves 
calculating requfrements from knowledge of: (1) net protein requirements (calculated as the sum of the 
amount of protein deposited, secreted, and used for maintenance), (2) the AA composit~on of the products 
fonned, and (3) the efficiencies of use of the absorbed AA for maintenance and product formation. The 
dose-response method involves increasing postrurninal supplies of the first limiting AA in graded fashion 
(either by abomasal or duodenal infusion) while production responses and AA flows to the small intestine 
are measured. In this case, the requirement of an AA is the amount passing from tpe rumen to. the small 
intestine plus the minimal amount that has to be infused to maximize milk protein yield. The "practical 
requirement" would· be slightly below the asymptotic response level and.would be a requirement ~at is 
cost-effective to meet.. 

Amino acid requirements can be expressed either in daily amounts (g/d) or on the basis of profiles or 
patterns. The author prefers the latter because: (1) they can be determined more accurately, (2) it is_ easier 
to formulate a diet for a desired pattern of AA than a given quantity of an AA(s), (3) the field nutritionist 
is in a better position than the researcher to fine-tune diets for amounts of UIP and DIP, and ( 4) the 
approach is consistent with the concept of "ideal protein" as proposed in nonruminant nutrition. 

The factorial ;wproach 
' - ; 

,' ' 

Mooels have been proposed by several scientists from different countries that attempt to quantify AA · 
requirements of lactating dairy cows by using this method (Evans and Patterson, 1985; Mantysaari eta/., 
1989; O'Connor et al., 1993; Oldham, 1980; Rohr and Lebzein, 1991). The Cornell Net Carbohydrate 
and Protein System (CNCPS) for evaluating cattle diets and associated AA su.bmodel is the most dy~ 
namic of the factorial models described to date (O'Connor et al., 1993). :-> .-;-, 

The' essential AA (EAA) requirements of Holstein cows. for three levels of milk production as determined 
with the CNCPS are presented in Table 2. The requirements are expressed on the basi~ of both daily 
amounts (g/d) and as profiles (each EAA as a% of total EAA). Of particular interest is the lack of 
influence of level of milk production on the "predicted". proportional requirements of most EAA, includ
ing Lys and Met. 

·, I 

_ As recogn1zed by the authors of the CNCPS, the system probably can be improved in its ability to predict 
requirements for absorbable AA (and in its ability to predict passage of absorbable AA to the small 
intestine). ·Moreover, calculated requirements as determined by any factorial approach should be con
firmed in production experiments using the dose-response approach. 

The dose-response awroach 

Use of this approach to determine AA requirements c:if lactating dairy cows is extremely limited and 
restrictesI to Lys and Met Rulquin et al. (1990) conducted two-experiments (Table 3) and Schwab et al. 
(1992b) conducted four experiments (Table 4) to determine the required contribution of Lys to total EAA 
in duodenal digesta for maximum synthesis of milk protein. In all six experiments, duodenally 
cannulated Holstein cows were infused with graded levels of Lys; a constant amount of Met also wa.s 
infused to ensure that Met was not limitihg. In a similar fashion, Rulquin et al .. (unpublished) conducted 
one experiment and Socha et al, (1994a,b,c) conducted three experiments (Table 5) to determine the Met 
requirement. Again, cannulated Holstein cows were used. In the Met experiments, soybean products and 
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blood meal replaced protein supplements such as distillers grains and com gluten meal to ensure that Met 
'> 

rather than Lys was first limiting; as noted in Table 5, some additional Lys also was infused. . 

A swnmary of the experiments pres~nted in Tables 3 - 5 is shown in Table 6. The six estimates for the 
required content of Lys in total EAA flowing to the small intestine average 14.7%. Although the results 
of the six Lys experiments are similar, it is emphasized that only one experiment was conducted with 
cows during the first 14 weeks oflactation; in that experiment (Table 4, Peak lactation), it was concluded_ 
that Lys needed to constitute 15.2% of total EAA in duodenal digesta. In contrast to the Lys experiments·· 
in which milk protein responses plateaued and a requirement could be determined, this is not the case for 

·the Met experiments. In these experiments (Table 5), the infusion of incremental amounts of Met caused, 
linear increases of milk protein contentin all experiments (including the experiment by Rulquin et al.) . , · 
and linear increases of protein yield for three of the four: experiments. Therefore, until more experiments 
are conducted, we conclude that Met needs to constitute about 5.3% of total EAA in duodenal digesta for 
maximum content and yield of milk protein when, and only when, levels of Lys approximate 15.0% of 
total EAA. -

An alternate approach to obtaining dose-response curves for absorbable Lys and Met is to estimate their 
concentrations in duodenal digesta of cows in which postruminal supplies of Lys, Met, or both were 
increased (either by intestinal infusion or by feeding in ruminally protected form) and lactational re
sponses were measured. Using this approach, Rulquin et al. (1993) selected 57 experiments involving 
early and midlactation Holstein cows in which two levels of Lys or Met were used. Duodenal flows of 
digestible Lys (LysDI) and Met (MetDI) were predicted using the newly revised French Protein System 
(PDI system). Flows of each were expressed as percentages of total digestible protein (PDI), where PDI 
is asswned to represent the swn of the 18 standard AA. By using this approach, coupled with a standard
ization technique to pool data from several experiments, the dose-response curves shown in Figur~s 1 and 
1 were obtained. There are three noteworthy observations. First, there is a better relationship between 
milk protein content and yield responses and duodenal levels of Lys (Figure 1) than with ouodenal lev_els 
of Met (Figure 2). Second, when intestinal levels of Lys were low(< 6.5 LysDI or <14% of total EAAY: 
increasing intestinal levels of Met decreased content and yield of milk protein (Figure 2). And third, the 
dose-response curves suggest that levels of 8.0 LysDI and 2.5 MetDI or slightly greater are needed for 
maximum production of milk protein. By assuming that the practical requirements for milk protein yield 
are those which result in a loss of 16 g/d of milk protein (i.e., .5 kg of milk) as compared to the maxi~. 
mwn responses, Rulquin et al. (1993) calculated the LysDI requirement to be 7.3%.of PDI and the MetDI 
requirement to be 2.5% of PDI. Expressing these requirements on the basis of EAA (rather than on the 

_basis of total AA) results in values of 14.9% and 5.1 %, respectively .. These va.lues are remarkably 
similar to the estimates of 14.7 and 5.3% (Table 6) obtained by measuring flows of AA to the.small . 
intestine. 

MEETING LYSINE AND METHIONINE REQUIREMENTS . 

It is difficult, if not impossible, to simultaneously meet the desired levels of both Lys (14.5 to 15.0% of 
total EAA) and Met (5.0 to 5.3% of total EAA) in duodenal digesta. This is particularly true with com
b~ed diets and when higher levels of UIP are fed. This is illustrated in Tables 7 and 8. Three observa
tions are made from the information provided in Table 8. First, predicted levels of Lys and Met are 
consistent with what would be expected from the measured levels in Table 7. Second, some farmers are 
dqing a better job than others in using complementary fe~d proteins such that a desired Lys/Met ratio of 
2.8 - 3.0/1.0 is achieved. And third, milk protein concentrations are low in these herds, ranging from 
2.97 to 3.14%.· It is suggested that milk protein in these herds _could be increased to levels of 3.20 to 
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3.30% and that milk yields could be increased during early lactation by inc_reasing the contribut~ons of 
Lys and Met to total EAA in duodenal digesta. 

There seem·no be little question that a need exists for high quality commercial sources of ruminal1y 
protected Lys (RPLys) and Met (RPMet). This is particularly true when rations are balanced for high 
levels of production and UIP provides a larger proportion of total absorbable AA. Complementary 
sources of supplemental VIP can be selected to achieve the desired Lys/Met ratio in duodenal digesta but 
levels of neither will be high enough to optimize intestinal AA balance. 

Selective use of RPLys and RPMet will permit diet 'formulation for desired levels of Lys and Met in 
duodenal digesta. This will not only extend the use of low Lys and Met feeds but, as expected and 
already demonstrated in a few experiments, their use has the potential for reducing the amount of UIP 
needed to achieve a giveri level of production. For example, a recent study at the University of New 
Hampshire (Socha et al., 1994d) indicated a greater content of milk protein (3.15 vs. 2.92%) and a trend 
towards a_higher yield of milk protein (1400 vs. 1330 g/d) during the first 15 weeks of lactation with a 
16% CP ration supplemented with RPLys and RPMet (to achieve calculated intestinal levels of Lys and 
Met of 15.0 and 5.0% of total EAA, respectively) than with an 18.5% CP ration without supple.mental 
Lys and Met. The rations contained com silage, grass silage, alfalfa hay, com, soybean meal (solvent and 
expellers), raw soybeans, and blood meal. Reducing the need for supplemental UIP has important 
implications for optimizing efficiency of protein utilization. Moreover, it is expected to reduce the 
demand for high UIP protein supplements in which the intestinal digestibility of U1P is variable and often 
too low for efficient utilization. 

GUIDELINES FOR RATION FORMULATION . .. 
Guidelines for ration formulation that will improve intestinal balance of absorbable AA using conven-
tional feed proteins are rather straight forward. First, follow feeding recommendations to maximize 
ruminal fermentation and thus synthesis of microbial protein. Microbial protein has a apparent excellent 
pattern of AA for lactating cows. Feeding for maximum ruminal fermentation not only increases feed 
intake but it allows for greater use of ruminally degradable protein. Second, it is generally advantageous 
to select a mix of supplemental sources of VIP with the goal of obtaining levels of bQ!h Lys and Met that 
are as high as possible. It must be remembered that maximizing intestinal levels of either Lys or Met but 
not both is of no benefit and could be counter-productive: Third, use a protein supplement sparingly, if 
at all, if you question its intestinal digestibility. Fourth, limit the amount of "bypass protein" that is fed. 
Feeding too much not only increases feed costs but it more often than not decreases synthesis of micro
bial protein. Moreover, as indicated by !_he negative coefficients for UIP in the two equations shown in 
Figure 3, feeding more bypass protein would typically reduce contributions of Lys and Met to.total EAA 
in duodenal digesta. In either case, the result can be a decrease in both content of milk protein and milk 
production. And last, become familiar with ration formulation systems that balance diets for AA. Le~ 
about them. Evaluate them against several studies in which measurements were made of AA flows to the 
small intestine, particularly for their ability to predict intestinal profiles of AA. As a result, when RP 
sources of Lys and Met become available, you will have had some experience with ration formulation 
systems that balance for AA. ) 

CONCLUSIONS 

In view of the growing interest in AA nutrition of dairy cows, there is a need to develop dose-response 
curves for potentially limiting AA. Clearly, progress has been made for Lys and Met. However, further 
refinement of their requirements probably should await the determination of requirements of other 
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potentially limiting AA. Dose-response curves are useful not only to validate requirements as predicted 
by factorial models (e.g., CNCPS) but also to assess the effects of both under--and overfeeding. Because 
the typical production response to graded levels of AA is one of diminishing returns, the "practical" 
requirements to which one fonnulates will be governed by economic considerations. Additionally, _ 
production studies that are designed to detennine the value of optimizing intestinal AA balance must be 
initiated at or before parturition. Only in this way can the full effects on herd health and lactational 
perfonnance be realized. 
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Figure 1. Dose-response relationships for calculated duodenal concentrations of LysDI (% 
PDI) and content and yield of milk protein . From Rulquin et al. (1993). 
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Lysine equation: 

Y = 14.43 - .04X1 - .29X2 + .54X3 + ~ (R2 = _.S2) 

Y = Lys in duodenal digesta, % of EAA 
X1 = Ration UIP, % of ration CP 
X2 = Ration CP, % of ration D~ 
X3 = Ration UIP.:Lys, % of total UIP EAA 
C = Constants for stage of lactation:' pt 100 d, -.13, 

2nd 100 d, .80; and >200 d, 0.0 

Methionine equation: 

Y = 5.36 - .08X1 + 3.94X2 + C · (R2 = .55) 

Y = Met in duodenal digesta, % of EAA 
X1 = Ration UIP, % of ration CP 
X2 = Ration UIP-Met, % of ration CP 
C = Constants for stage of lactation: 1st 100 d, -.15; 

2nd 100 d, .34; ·and > 200 d, 0.0 

- ~-... l 
. 1 

.. 

Figure 3. Equations developed by Socha and Schwab (unpublished) to predict the 
contributions of lysine (Lys) and methionine (Met) to total EAA in duodenal digesta of 
lactating dairy cows. 
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Table 1. A comparison of the EAA profiles of body tissue and milk with that of ruminal bacteria 
and protozoa and common feeds. 

Item Arg His Ile Leu Lys ·Met Phe Thr Trp Val EAA 

(% of total EAA) %CP 

. I 
Animal products -

Lean tissue' 16.8 6.3 7.1 17.0 16.3 5.1 8.9 ' 9.9 2.5 10.1 
Milk2 7.2 5.5' 11.4 19.5 16.0 5.5 10.0 8.9 3.0 13.0 

Rumen microbes 
Bacteria3 10.2 4.0 11.5 16.3 15.8 5.2 10.2 11.7 2.7 12.5 
Bacteria4 10.6 4.3 11.6 15.5 17.3 4.9 10.0 11.0 2.6 12.2 40.0 
Protozoa5 9.3 ·3.6. 12.7 15.8 20.6 4.2 10.7 10.5 2.8 9.7 

Forages6 

Alfalfa 10.9 5.2 10.9 18.4 11.1 3.8 12.2 10.6 3.4 13.5 40.7 
Com silage 6.4 5.5 10.3 27.8 7.5 4.8 12.0 10.1 1.4 14.1 
Haycrop silage 8.9 5.3 11.0 18.9 10.3 3.8 13.5 10.3 3.3 14.7 

Grains6 

Barley 12.8 5.9 9.6 18.4 9.6 4.5 13.3 9.1 3.1 13.6 38.5 
Com, yellow 10.8 7.0 8.2 29.i 7.0 5.0 11.3 8.4 1.7 11.5 42.3 
Com gluten feed . 12.0. 7.9 8.5 24.6 8.2 4.6 10.1· .9.6 1.6 12.8 38.8 
Oats 15.6 5.4 9.5 · 18.1 10.0 4.3 11.5 9.2 3.2 13.3 42.8 
Sorghum 9.4 5.8 9.4 30.9. 5.6 4.3 12.6 8.0 2.2 11.8 39.8 
Wheat 15.2 6.6 9.7 18.9 8.0 4.6 12.6 8.3 3.4 12.6 31.9 

Plant proteins6 · 

Brewer's grain 8.9 6.4 10.6 17.6 11.4 4.8 10.3 11.4 3.0 15.6 46.3 
Com gluten meal 6.9 4.7 9.3 36.4 3.8 5.5 13.8 7.5 1.5 10.7 44.2 
Com DOG w/ solubles 7.7 7.2 9.8 26.3 6.2 5.2 11.1 10.3 2.7 13.4 37.7 
Cottonseed meal 25.4 6.0 7.7 13.9 9.6 3.8 12.2 7.7 2.9 10.8 •43.1 
DOG w/ solubles 19.9 6.5 15.4 18.7,. 6.5 3.7 15.4 8.9 1.6 14.6 43.3 
Linseed meal 25.7 5.2 13.3 14.8 8.1 3.5 11.1 8.9 3.5 11.8 4t.L 
Peanut meal 13.5 5.4 9.9 15.2 10.0 2.4 11.5 6.5 2·.8 10.6 36.9'' 
Rapeseed meal 14.0 6.7 9.3 16.9 13.1 4.8 9.5 10.5 3.0 12.4 41.9" 
Safflower meal 22.3 6.5 8.8 15.1 7.9 3.7 11.4 7.4 4.6 12.3 40.5 
Soybean meal 16.3 5.7 10.8 17.0 13.7 3.1 11.0 8.6 3.0 10.6 47.6 
Sunflower meal 19.4 5.9 10.1 15.5 8.6 5.4 11.0 9.1 2.8 12.3 45.0 

Animal proteins6 

Blood meal 7.6 11.2 2.1 . 22.8 15.7 2.1 12.3 8.1 2.7 15.4 49.4 
Feather meal 14.7 1.1 10.0 29.3 3.9 2.1 10.0 10.5 1.5 17.1 31.4 

. Fish meal (menhaden) 13.1 5.7 9.3 16.S 17.0 6.3 8.8 9.5 2.4 11.3 44.8 
Meat meal 18.8 5.2 8.0 17.1 14.1 3.7 9.7 9.1 2.0 12.4 37.5 
Meat & bone meal 20.5 5.5 7.8 16.2 14.2 3.6 9.2 9.0 1.8 12.1 38.0 
Tankage 18.8 5.2 8.0 17.1 14.1 3.7 9.7 9.1 2.0 12.4 45.1 
Whey, dry 5.6 3.7 12.4 20.1 17.5 4.3 7.4 13.2 3.8 11.9 50.8 

1 From Ainslie et al. (1993); average values of empty, whole body carcasses as reported in 3 
studies. 

2 Each value is an average of 3 observations from Jacobson et al. (1970), McCane and 
Widdowson (1978), and Waghom and Baldwin (1984). 

3 From Clark et al. (1992); average values from 61 dietary treatments. 
4

. From Strom and Orskov (1983); average values from 62 literature reports. 
s From Storm and Orskov (1983); average values from 15 literature reports. 
6 Calculated from values presented in "European Amino Acid Table: first edition 1992" except 

for DOG w/ solubles, linseed meal, peanut meal, and feather meal that were calculated from 
values presented in "Feedstuff Ingredient Analysis Table: 1991 edition". 
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Table 2. Requirements of Holstein cows for absorbed EAA at three .levels of milk · 
production as determined by using the Cornell Net Carbohydrate and Protein 
System. 1 

60 Ibid 100 Ibid 140 Ibid 
EAA gld. (%of EAA) gld (%of EAA) g/d (%of EAA) 

Arg 67 (10.5) 88 (9.6) 111 (9.1) 
His 37 (5.9) 54 (5.8) 70 (5.8) 
Ile 76 (11.8) 116 (12.5) 156 (12.8) 
Leu 112 . (17.5) 162 (17.5) 212 (17.5) 
Lys lo4 (16.3) 151 (16.3) 198 (16.3) 
Met 33 (5.1) 48 (5.2) 63 (5.2) 
Phe 58 (9.0) 84 (9.0) 110 (9.1) 
Thr 56 (8.8) 80 (8.7) 104 (8.6) 
Trp 17 (2.7) 27 . (2.9) 36 (3.0) 
Val 79 (12.3) 117 , (12.6) 154 (12.7) 

Total EAA 638 926 1214 

1 The following animal factors were kept constant: age, 42 mo.; frame size, 5; BW, 1300 
lb; flesh condition, 3; dabs pregnant, O; DIM, 80; lactation no., 2; butter fat, 3.5%; 
and milk true protein, 3. % . · · . 
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Table 3. Results of two duodenal infusion experiments designed to determine the required 
contribution of lysine (Lys~ to total EAA in duodenal digesta for maximum 
synthesis of milk protein. 1• . 

Item 

Milk, kg/d 
Milk protein, % 

Milk, kg/d 
Milk protein, % 

Item 

Basal flows to duodenum 
Total EAA, g/d 
Lys, g/d 
Lys, % of total EAA 

11 Met 
0 Lys 

30.0. 
3.18b 

33.5 
2.90c 

Estimated Lys deficiency, g/d 
Estimated Lys requirement3, % of total 

EAA in duodenal digesta 

Infusates (g/d) 

11 Met 
15 Lys 

Experiment 1 

30.0 
3.278 

Experiment 2 

33.6 
3.03b 

Exp. 1 

1407 
194 
13.8 
15 

15.0 

11 Met 
30 Lys 

30.4 
3.278 

35.0 
3.2()8 

·,' 

ll Met 
45 Lys 

30.5 
. 3.278 

33.8 
3.268 

Exp. 2 

1490 
188· 

12.6 ' 
30 

14.8 

1 From Rulquin et al. (1990). Midlactation cows were injected with 30 mg/d bST ~d . 
fed protein at 90 {Exp. 1) or 110% {Exp. 2) of CP requirements. ;,.. 

2 Rations consisted of(% of DM): Exp. 1 - 54 com silage, 4 grass hay, 13 com grain:~'> 
13 wheat, 6 lupin, 3 com gluten meal, 1 molasses, and .8 urea; Exp. 2 - 54 com 
silage~ 4 grass hay, 11 com grain, 11 wheat, 6 lupin, 8 com gluten meal, 1 molasses, 
and .6 urea. 

3 It was assumed in Calculation that infused Lys had an intestinal availability of 100% and 
that microbial and UIP AA have an availability of 80%. Therefore, the amounts of Lys 
required from microbial and UIP sources to meet the deficiencies of 15 and 30 g/d 
would be 19 and 37.5 g/d, respectively. . · 

a,h,c Means in the same row with different superscripts differ (P < .05). 

191 



....-; 

I· 

1i 
i 

.! 

I• 

I 
I 

' ; t 
i 

'I 

-------

Table 4. Results of four duodenal infusion experiments designed ·to determine the required -
· contribution of lysine (Lys~ to total EAA in duodenal digesta for maximum 
synthesis of milk protein. 1• _ _ _ _ -

Infusates3 

1 Met 1 Met 1 Met 
Item 1 ~ ' .~ Water ' 1 Lys 2 Lys 3 Lys 

Peak lactation 

31.7b 32.2b 34.7a 35.5a Milk, kg/d 
Milk protein, % 2.78 3.06 3.05 3.04' 
Milk protein, g/ d 840b 976ab 103gati 101oa 

:Early lactation 

Milk, kg/d 32.5 32.4 33.1 32.8 
Milk protein, % 2.85c .2.92b 2.9~ 2.96ab 
Milk protein, g/ d 917b 935ab 978a 961ab 

Mid lactation 

Milk, kg/d 30.4 31.4 30.4 30.7 
Milk protein, % 3.02b 3.09a 3.15a 3.16a 
Milk protein, g/ d •. 899 953 946 962 

Late lactation 
,, 

.. 
Milk, kg/d -23.0 20.7. . ' 22.1 22.1 
Milk protein, % ' 3.15b' 3.25ab 3 .. 2~ 3.3<r 
Milk .protein, g/ d 721 669 733 729 

Stage of lactation 

Item Peak :Early Mid Late 

Basal flows to duodenum 
Total EAA, g/d 1353 1424 1345 1086 
Lys, g/d 179 177 185 160 
Lys , % of total EAA 13.2' 12.4 13.8 ' 14.7 

·Estimated Lys deficiency, g/d 25 20 10 0 
Estimated Lys requirement4, % of 

15.2 13.9 14.5 14.7 total EAA in duodenal digesta 

1 From Schwab et al. (1992b). 
2 Rations were balanced to meet NRC (1988) requirements and consisted of com and 

haycrop silages, com meal, distillers dried grains with solubles, wheat middlings, 
soybean meal, and molasses. 

3 Infusates were 10 g/d DL-Met and 10, 20, and 30 g/d L-Lys for the peak, early and 
mid lactation experiments and 8 g/d DL-Met and 8, 16 and 24 g/d L-=Lys for the late 
lactation experiment. ' 

4 See footnote #3 of Table 3 for method of calculation. 
a,b,c Means in the same row with different superscripts differ (P < .05). 
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Table 5. Results of three duodenal infusion experiments designed to determine the required 
contribution of methionine (Met) to total EAA in duodenal digesta for maximum 
synthesis of milk protein. 1•

2 

Infusates3 

1 Lys .1 Lys. 1 Lys 1 Lys 1 Lys Effects 
Item 0 Met 1 Met 2 Met 3 Met 4 Met L Q 

Peak lactation 
Milk, kg/d 40.6. 39.0 40.1 39.3 40.9 NS4 . .10 
Milk protein,% 3.04 3.06 3.17 3.13 3.22 .001 NS 
Milk protein, g/ d 1226 1184 1262 1210 1310 .14 NS 

Early lactation 
Milk, kg/d 38.2 38.3 38.5 38.2 38.2 NS NS 
Milk protein,% 3.20 3.28 3.30 3.34 3.37 .001 .04 
Milk protein, g/d 1214 1246 1262 1264 1276 .01 NS 

·,· Mid lactation 
Milk, kg/d 35.1 35.1 . 33.9 34.5 34.0 .05 NS 
Milk protein,% 3.41 3.46 3.50 3.52 3.53 .001 .06 
Milk protein, g/ d 1184 1206 1174 1206 1190 NS NS 

Stage of lactation 

Item Peak Early Mid 
~ 

Basal flows to duodenum ;, 
Total EAA, g/d 1705 2289 2324 -"',:':,, 

Met, g/d 75 101 103 
Met, % of total EAA 4.4 4.4 4.4 

Estimated Met deficiency, g/d > 16 17.5 ? 
Estimated Met requirement, % of 

total EAA in duodenal digesta5 ~ 5.5 5.3 ? 

1 From Socha et al. (1994a,b,c). 
2 Rations were balanced to meet or exceed NRC ( 1989) requirements and consisted of com 

silage, haycrop silage, chopped alfalfa hay, com meal, soybean meal, raw soybeans, blood 
·meal, fat, and vitamins and minerals. 

3 Infusates were 10 g/d L-Lys and 0, 3.5, 7, 10.5, and 16 g/d DL-Met for the peak and 
early lactation experiments and 8 g/d L-Lys and 0, 5, 10, 15, and 20 g/d DL-Met for the 
mid lactation experiment. 

4 Nonsignificant at P > .15. 
5 See footnote #3 of Table 3 for method of calculation. 
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Table 6. Determination of the required contributions (%) of Lys and Met to total EAA1 in 
duodenal digesta for milk protein production of lactating dairy cows consuming 
conventional diets . .2 

Reference Lys Reference Met 

Rulquin et al., 1990 14.9 Rulquin (unpublished) ~ 5.1 
14.8 

Socha ( 1994b) ~ 5.5 
Schwab et al.', 1992b 15.2 Socha (1994c) 5.3 

14.0 Socha (1994a) ? 
14.5 
14.7 

' 

Average 14.7 ~ 5.3 

1 Includes Arg, His,' Ile, Leu, Lys, Met, Phe, Thr, and Val. 
2 Involved graded infusions of Lys (in the presence of constant supplemental Met) and Met 

(in the presence of constant supplemental Lys) into the duodenum of cannulated Holstein 
cows with simultaneous measurement of milk and milk protein production and AA flows 
to the small intestine. · · 



·Table-7: . Effect 6f ration composition (% of DM, excludi~ fat, mineral and vitamin sup~lements) on measured passage of lysine 
(Lys) and methionine (Met) to the duodenum of olstein .cows during the first 50 d of lactation. 

4 References1 

Item 1 3 2 3 4 4 5 1 5 5 .. 
Alfalfa hay 10.0 45.4 13.3 26.0 
Alfalfa silage 25.0 30.0 30.0 25.0 
Com silage 25.0 29.0 26.2 28.7 20.0 20.0 25.0 28.5 5.0' 
Grass-legume silage 17.0 14.2 

com 40.9 23.8 24.7 25.5 - 40.0 34.0 34.6 36.7 - 27.1 30.2 
Wheat byproducts 8.0 9.4 
Beet pulp 12.3 
Soyhulls 12.5 8.3 4.0 

Soybean meal 7.0 9.0 16.1 4.0 11.0 8.5 4.0 
Roasted soybeans 6.0 4.8 
Whole cottonseed 9.0 9.0 
Distiller's grains 9.0 9.8 4.7 1.8 1.8 

u 
N 

Brewer's grains 8.0 O'I ..... 
Com gluten meal . 9 1.5 
Blood meal 2.1 3.5 
Feather meal .3 .6 

Fish meal 1.5 4.0 2.5 
Meat meal .6 1.0 
Animal/fish blend 3.0 1.5 
Urea .2 .1 .3 

Diet ~P, % DM 16.2 16.8 17.3 17.3 18.1 18.1 19.0 19.2 19.6 19.7 
Flow to duodenum, g/d 
~ Total EAA · 1619 1330 1353 1384 1395 1650 1924 1970 1840 1836 

klcs 217 183 179 194 164 235 246 264 249 235 
et 61 56 55 61 52 61 63 7~ 64: 

'· 
64 

Flow to duodenum, % EAA 
14.0' klcs 13.4 13.7 13.2 11.8 14.2 12.9 13.4 13.5 12.8 

et 3.8 4.2 4.1 4.4 3.7 3.7 3.3 3.7 3.5 3.5 

1 (l)Christenseri et al., 1993; (2)Schwab et al., 1992b; (3)Cunningham et af:, 1993; (4)KJusmeyer et al., 1991; and (5)Cunningham et al., 1991. 
' 



Table 8. Calculated contributions of lysine (Lys) and methionine (Met) to total EAA in duodenal digesta during early lactation of 
· some high-producing commercial dairy herds. 1 . · . 

Herd No. 

Item 2 3 4 5 6 -7 8 9 

Milk production 
Milk, lb 27028 28814 28887 28259 25881 27378 29110 29098 25927 
Milk fat, % 3.72 3.43 3.71 3.58 3.87 3.66 3.37 3.62 3.54 
Milk protein, % 3.06 2.97 3.08 2.99 3.14 3.09 3.09 3.08 3.03 

Rations, % of DM 
Alfalfa hay 5.2 7.1 21.6 3.5 
Alfalfa silage 44.0 42.0 32.0 36.5 38.2 17.3 16.5 31.0 31.7 
Corn silage 1.0. l 17.8 5.5 4.4 13.2 14.4 8.8 
Dry shelled corn 26. l 32.9 7.0 
High mois!ure shelled com 29.6 28.6 29.2 '25.6 
High moisture ear com 34.9 29.5 - 37.4 
Whole cottonseed 9.0 6.5 9.4 10.0 8.8 - Soy hulls 4.1 \0 

N 
Q. Soybean meal 2.7 4.8 6.6 .8 13.9 11.9 ·_ 2.9 6.1 

Raw soybeans 4.0 9.1 
Roasted soybeans 6.6 11.4 6.8' 
Distiller's dried grains 1.0 4.7 
Com gluten meal 1.4 1.6 -
Meat and bone meal 4.4 4.8 2.5 3.5 4.7 3.4 2.6 4.5 
Blood meal 1.0 1.2 .9 1.7 1.2 .9 . LO· 
Urea .2 .6 .2 

CP, % of DM 19.4 20.0 18.6 19.6 19.0 19.4 22.1 '18.8 19.1 
UIP, % of CP 36 37 37 37 '34 35 38 38 39 

Flow to duodenum, % EAA 
Lys 13.6 13.3 13.8. 13.6 13.9 12.9 ·12.0 13.5 13.4. 
Met 4.2 4.5 4.3 4.4 ' 5.0 4.6 4.6 4.2 4.2 
Lys/Met ratio 3.2 3.0 3.2 3.1 .. 2.8 2.8 2.6 3.2 3.2 

1 Calculated using the regression equations shown in Figure'3. 
,, . 

. !:-------------------------------- - ------- -- - - - - - -



FEEDINGVOMITOXIN AND MOLD-CONTAMINATED GRAINS TO CATTLE 

A. DiCostanzo,LL. Johnston,2 L. Felice,3 and M. Murphy3 

Departments of Animal Science 1 and Veterinary Diagnostic Medicine3, 

University of Minnesota, St. Paul and 
West Central2 Experiment Station, Morris, Minnesota 

INTRODUCTION 

Moldy grain may adversely affect cattle production due to nutnnon effects, mycoses or 
mycotoxicoses. Mycosis is a disease state caused by the fungi themselves, and mycotoxicosis 
is a disease state caused by secondary metabolites of the fungi. Thus, the mold itself may cause 
production losses separate and apart from any toxin effects. In fact, various molds have been 
associated with adverse health effects in plants, animals or humans. In many clinical cases 
reported it is difficult to separate effects of mycoses from those_ of mycotoxicoses. Producers 
generally suspect that mycotoxins are the main culprits for reduced feed intake, diarrhea, 
abortions, reduced gain or death of their livestock. The objective of this paper is to review the 
current state of knowledge about effects of molds on nutrient content of feeds and mycotoxins 
on ruminant animal performance and health with emphasis on deoxynivalenol (vomitoxin). 
Effects of aflatoxicosis on ruminant animal production have been reviewed elsewhere 
(Morehouse, 1985; Raisbeck et al., 1991). When sufficient information was found, an attempt 
was made to establish acceptable levels. Additionally, a section to devise recommendations on 
handli,ng and feeding mold-contaminated grain is provided. •. 

EFFECTS OF MOLD CONTAMINATION ON NUTRITIVE VALUE OF FEEDS 

Molds need moisture (relative humidity over 70% ), oxygen (minimum 1 to 2% 0 2), time and the 
correct temperature (variable according to species; high temperature promotes Aspergillus, low 
temperatures promote Fusarium) to grow (Diekman and Green, 1992). Mold growth may occur 
on grain in the field, in storage or in the feed bunk. Weather conditions may affect mold growth 
on crops in the field. Grains are normally kept dry to prevent mold growth in storage. Molds 
that infest crops in the field may be different from tho~e which proliferate in storage or in the 
feed bunk. 

~Most livestock feeds have mold spores on them. Spore counts of less th~ 10,000 colony· 
forming units per gram (cfu/g) are commonly found on grain. Mold becomes ,..visible at 
approximately 1,000,000 cfu/g. When conditions are optimal for molds to colonize grains in the 
field or in storage, their first effect is utilization of nutrients for their metabolism and 
propagation. This results in decreased nutritional value of feeds. Energy, crude protein and 
crude fat values of moldy corn were decreased 5, 7 and 63%, respectively (Summers and Leeson, 
1975, reported by Tindall, 1983). Dietary fat is affected more extensively than proteins or 
carbohydrates. Dietary fat decreased 37 to 40% after 25 d or 52 to 57% after 50 d of storage 
(Bartov, 1985). Additionally, reduced production may occur due to the disequilibrium of rumen 
microflora which results after ingesting mold-coritaminated feedstuffs. Many molds produce 
substances wi~h antibiotic activity. An alteration of rumen microflora after ingestion of moldy 
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feed may be anticipated. Therefore, recommendations ·have been made to· discount the nutrient 
value of grain by 5 to 10% if it contains 1 to 5 million cfu/g (M. Murphy, personal , 
communication). However, mold counts alone do not identify the type of mold present. 

All moldy grain does not contain mycotoxins, because toxigenic species must survive competition 
with nontoxigenic species for growth. Molds that produce toxins are referred to as toxigenic 
molds. Toxigenic molds commonly isolated from grains and forages in the Upper Midwest are: 
Aspergillus sp, Fusarium sp and Penicillium sp. Nontoxigenic molds include: Absidia sp, 
Acromoniella sp, Alternaria sp, Cephalosporium sp, Chaetomium sp, Cladosporiwii sp, 
Epicoccum sp, Helminthosporium sp, Mucor sp, Nigrospora sp, Phoma sp, Scopulariopsis sp, and 
Trichoderma sp. Both· toxigenic and nontoxigenic molds may be associated with mycoses in 
cattle. · 

Mycoses are recognized in both animals and humans. · Respiratory distress is perhaps the most 
widely recognized adverse health effect from mold spores. People handling excessively moldy 
grain are advised to wear masks to prevent sneezing, coughing and shortness of breath. These 
problems may occur because of direct physical irritation of inhaled mold spores or allergic 
reactions. Although similar diseases have not been spec~fically reported in cattle, the potential 
respiratory effects of mold spore inhalation in cattle should be considered when reduced dry 
JTiatter intake ·or respiratory problems associated with feed are observed. Molds rarely cause 
systemic disease. But; mycotic abortions and septicemias have been reported in cattle . 

In summary, the potential effect of grains with greater than 1 million mold cfu/g on the lungs, 
rumen fermentation, reproductive function, nutrient intake and production should be considered 
before pointing to mycotoxins as a cause of production losses. · 

· Mycotoxin Production 

Hundreds of mycotoxins have been identified by researchers around the world. Strains of fungi 
isolated from one region -of the world may produce different mycotoxins or mycotoxin amounts 
than those isolated from other regions. Toxigenic molds most commonly isolated from grains 
in the Upper Midwest are: Aspergillus sp, Penicillium sp and Fusarium sp. Aspergillus sp 
produce aflatoxin; Penicillium sp produce penicillic acid and patulin and Fusarium sp mainly 

, produce deoxynivalenol (DON; vomitoxin) and zearalenone (ZEN; F-2 toxin). 

. Aflatoxin rarely occurs in grains in the Midwest. Aflatoxin production occilrs in corn during 
drought conditions such as those of 1988 and 1989. However, aflatoxin may affect Upper 
Midwest cattle producers in any year if they are purchasing cotton or ·peanut seed products. 
Penicillic acid and patulin have not been associated with adverse health effects in cattle in the 
Upper Midwest. · 

Wet and cool weather conditions during the 1993 growing season favored· growth of Fusarium 
sp molds on crops in Upper Midwest fields. Fusarium sp molds cause head blight in small 
grains and stalk rot in corn. Head or kernel blight in wheat or barley is caused by Fusarium 
graminearum. The disease is commonly referred to as -"scab"· in either grain. Scab is most 
prevalent when F. graminearum spores on the anthers of blooming grain germinate after rainfall. 
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Mold ·growth is then associated with the variety of grain, temperature, ·and moisture. 
Temperatures of 21°C (70°F or less) and relative humidity over 70% are ideal for Fusariµm 
growth. The prevalence of infestation and severity of Fusarium growth are both associated with 
the number of days of tain during the bloom stage of grain growth. · 

\ . 

F. graminearum may produce mycotoxins as it grows. Strains of F. graminearum have been 
shown to produce DON, ZEN, butenalide, T-2 toxin, diacetoxyscirpenol (DAS), nivalenol 'or. 
moniliformin. From these, DON, T-2 toxin, DAS and nivalenol belong in the group of 
trichothecene mycotoxins (Trenholm etal., 1986). These are grouped according to their solubility 
in organic solvents. Group A including T-2 toxin, HT-2 toxin, neosolaniol and DAS are soluble 
in most aprotic solvents such as ethyl acetate and diethyl ether. Group B including scirpentiiol, 
DON and nivalenol are highly hydroxylated trichothecenes soluble in very polar solvents such 
as methanol and ethanol (Trenholm et al., 1986). Group B appears to be less toxic than A. 
Trichothecenes grouped in· A tend to be more potent skin-necrotizing agents, show more· 
antiprotozoal activity, produce greater inhibition of.protein synthesis and greater emetic activity· 
(Trenholm et al., 1986). Although not totally conclusive for all species, toxins of group B such 
as DON may not pose the same health hazard as comparable levels of A. Compared to T-2 toxin 
and HT-2 toxin (at same levels), DON is a much less toxic substance. 

Stiains of F. graminearum isolated from North America have rarely produced anything but.DON 
and!or ZEN, and then only a small percentage of samples contained levels c~nsidered toxic 
(Tab re 1 ). Zearalenone has been shown to react with the estrogen receptor to induce estrogenic 
effects in a wide variety of laboratory and domesticated animals (Diekman and Green, 1992). 

The impact of mycotoxins on animal agriculture are commonly measured in terms of the 
' ' ' ' economics of animal production and safety of the food products produced. Vomitoxin ingestion 

has been associated with adverse health effects in animals and humans. Experimental studies 
have been conducted in swine, chickens, sheep and cattle. Swine are the species most sensitive 
to DON toxicity .. Reduced intake~and weight gain" are reported in swine after ~ngesti~n-of feeds 
containing 2 to 4 mg DON/kg DM (Bergsjo et al., 1992). Emesis is reported in swine ingesting 
finished rations containing greater than 10 mg DON/kg DM (Young et al., 1983). -· ' · 

Experimental studies with DON-contaminated grains have been conducted in broilers and layers. 
-Adve'rse production effects were not observed in broilers and layers ingesting feed contaminated 
wilh up to 5 mg DON/kg diet DM for 168 d (Trenholm et al., 1984). Effects 'on hen egg 
production,· egg weight, feed efficiency, fertility,· or chick weights at hatching were not detected 
in layers ·ingesting feed containing 18 mg DON/kg diet DM (Kubena et al., 1987). · 

Prevalence 

The 1993, and potentially 1994, Minnesota wheat -and barley growing seasons have been 
characterized as cool and wet. These conditions led to scab formation in the field. ·The result 
has been a high incidenc~ of DON contamination in wheat and barley destined for malting and 
baking. All varieties of barley and wheat tested in 1993 had mean DON concentrations over 2 
ppm (R. Jones, personal communication). For farmers attempting to market these grains for 
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human consumption, these results are quite disappointing. Grain products for direct human 
consumption should not contain more than l ppm.DON. 

Table 1. Incidence of mycotoxin contamination in various U.S. surveys. 

' Samples 

Mycotoxin Year Grain Total Positive 

Aflatoxina 89-92 Com 644 328 

Aflatoxina 89-92 Cotton- 106' 
seed 

:peoxyniva)enolc 82~83 Various 627 627 

Deoxynivalenola 1991 ·Winter 207 201 
wheat 

Deoxynivalenola 1991 Spnng 206 120 
wheat 

Ochratoxina 89-92 Various 16.8. 0.0 

Zearalenonec 

Zearalenonea 

a Price et al., 1993. 
b Not available. 

82-83 Various 79 

89-92 Various· ·. 161 

c Reynolds et al., 1983. 

79 

13 

x, ppm Comment 

NAb 224 samples <20 ppb 

NAb 20 samples <20 ppb 

1.95 From .1 to 41.6 ppm 

2.4 From .4 to 40 ppm 

.9 From .9 to 7.~ ppm 

0.0 
-i. 

.93 From .05 to 10 ppm .-

NAb 12 samples <.15 ppm 

Because of the presence of rumen microorganisms, ruminants may be less sensitive to dietary 
DON concentrations than monogastrics, especially swine. Therefore, alternative uses for grains 
contaminated with DON beyond levels permitted for human consumption may be found as feed 
ingredients for ruminant animals. 

Additionally, results from these and earlier surveys (Reynolds et al., 1983; Price et al., 1993) 
indicate that DON concentrations beyond advisory levels for dairy or beef cattle occur in only 
2 to 18% of the samples surveyed. Similar results were reported for other toxins. No ochratoxin 
was found in interstate traffic surveillance for 168 samples (45% com) between 1989 and 1992 
(Price et al., 1993). Also, of 161 samples tested for ZEN during the same period, 92% were 
negative, and 12 samples contained only between .07 and .15 ppm ZEN. 
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METABOLISM OF MYCOTOXINS BY RUMEN MICROORGANISMS 

Because ruminants have developed a system to protect themselves from harmful effects of toxins, 
under most circumstances, it is generally hypothesized that some extent of degradation of ~e 
toxin will occur prior to absorption into the bloOd stream and vital organs of ruminants. 

Deoxynivalenol (Vomitoxin) 

Rumen contents collected from a cannulated cow fed timothy hay was used to incubate -solutions 
of 5, 10, 50 and 100 mg DON/kg for 6, 12, 24 or 48 h (King et al., 1984). Within 24 h, up to 
10 mg/kg DON was transformed, while 48.8 and 37.8% of the original DON doses were 
transformed when 50 or 100 mg/kg, respectively, were dosed. The resulting metabolite was 
identified as 3a, 7a; 15-trihydroxytrichothec-9, 12-dien-8-one (deepoxy DON; DOM-1) .. This 
observation was confirmed by Swanson et al. (1987) for DON-doses incubated for 12 to 48 h 
with rumen microorganisms. 

In addition, within 96 h, chicken large intestine contents completely reduced DON to deepoxy 
DON (He et al., 1992). In contrast, swine large intestine contents transformed only 7% of the 
original DON dose in this time period. This observation may help to explain differences in 
responses to DON feeding between these two species (Trenholm et al., 1984 ). It has not been 
determined whether deepoxy DON is as toxic; as DON. The lower incidence of vomiting and 
generalized eff~cts on performance in chickens indicates that deepoxy DON may be less toxic 
tll~ the parent compound. 

The response by chicken large intestine contents to DON dosing was somewhat pH-depend~nt. 
When pH of the media dropped to 5.2 the biotransformation of DON was inhibited (He et ak, 
1992) .. Whether this situation occurs in ruminants fed high concentra~ diets, or. is affected by 
acidosis has not been studied but leaQ.s to an interesting hypothesis. 

Ochratoxin 

Ochratoxin, dosed at levels found in feed, was degraded by rumen microorganisms to a relatively 
nontoxic compound: 4-hydroxyochratoxin (Ribelin, 1978). This may explain the lack of reports 
-of ochratoxin toxicity and its effects on performance when fed at levels found in the feed, and 
in the absence of citrinin. 

T-2 Toxin 

T-2 toxin was completely transformed to HT-2 toxin, T-2 triol, deepoxy HT-2 toxin and deepoxy 
T-2 triol within 48 h of incubation with rumen contents (Swanson et al., 1987). Similarly, a T-2 
toxin metabolite, but no T-2 toxin was found in rumen contents of calves 24 h after orally dosing 
with 2.4 mg T-2 toxin/kg BW (Stahr et al., 1983). However, little is known about T-2 toxin 
metabolite toxicity. 
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Zearalenone 

In she·ep, zearalenone (ZEN) is transformed to the potentially more toxic compound, tearalenol 
(ZEL), leading to various reproductive problems (Smith et al., 1991). . Whether this 
transformation occurs in the bovine rumen, or ZEL is as toxic to the bovine reproductive tract, 
is not confirmed, but effects on reproductive performance appear to occur at lower doses in sheep 
than in cattle (see section on mycotoxin effects on reproductive performance). 

EFFECTS OF MYCOTOXINS ON PRODUCTION 

Deoxynivalenol Effects On Dairy Cattle 

Effects of DON ingestion on performance of dairy cattle are described in Table 2. Contrary to 
reports for swine (Trenholm et al., 1984), ingestion of DON did not affect performance of 
lactating dairy cows, although concentrate intake by dry cows appeared to be affected. Dry cows 
were fed 1 kg concentrate/100 kg BW to provide 1.5 or 6.4 mg DON/kg concentrate DM for 42 
d (Trenholm et ~l., 1985) ... When offered the concentrate containing 6.4 mg DON/kg, cows 
consumed .5 kg less concentrate than when they were offered the concentrate containing 1.5 mg 
DON/kg. However, studies. with lactating dairy cows did not confirm these findings. In one 
study, DON consumption at levels as high as 104 mg/cow/day (12.1 mg/kg concentrate DM or 
6.4 mg/kg diet DM; Table. 2) for 70 d had no effect on dry matter intake (DMI), forage or 
concentrate intake, milk oI' fat-corrected milk yield, and production or concentration of fat, 
protein and lactose in milk (Charmley et al., 1993). In this experiment wheat and corn grain used 
were analyzed for 12 other toxins which were not detected. Similar observations for effec~s of 
DON on milk yield and fat-corrected milk yield were made when grain mixtures presumabiy 

. containing 4 or 8 mg DON/kg DM were fed to lactating dairy cows (Table 2; Noller et al., 1979). 
The com used in this experiment contained 500 µg ZEN/kg DM. Therefore, it appears that 
dietary DON concentration of 6.4 mg/kg DM fed for 70 d, when other toxins are at negligible 
concentrations, has no effect on milk production, BW or milk composition. 
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Table 2: Effects of deoxynivalenol (vomitoxin) administration on production performance of dairy cows. 

Dose 

Production mg/kg DMI, FCM, 

stage concentrate DM mg/da . Duration, d kg/d - kg/d Reference 

Dry 1.5 9.0 ' 42 7.2 Trenholm et al., 1985 

Dry 6.4 38.0 42 6.7 -: Trenholm et al., 1985 

Lactating 0 .59 70 16.3 ').1.6~ Cparm~ey et al., 1993 
0\ 

18.1 Lactating 5.0 42.7 70 15.9 Charmley et. al., 1993 °' - - -. -

Lactating - 1_2:1 104.2 70 16.3 19.4 ·. Charmley et al., 1993 

Lactating 0 0 21 2.9b 22;1 · Noller et al., 1979 

Lactating 4.lc NAd 21 2.8b: 22.6 Noller et al., 1979 

Lactating 8.3c. NAd 21 2.8b - 22.2 ·Noller et al., 1979_ 

a Calculated from reported intake and toxin concentration. ·---· 
b Percent BW basis. . .... ' .. 

c Presumed to contain this concentration. Com in grain mix contained 500 µg ZEN/kg DM. 
d Not available. 
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Deoxynivalenol Effects On Feedlot Cattle And Sheep 

Experiments conducted with cattle and sheep also indicate that effects of DON on animal health 
or performance are negligible. Sheep fed wheat diets containing 8.5 mg DON/kg DM for 45 d 
had similar feed intakes, average daily gains and feed efficiencies as sheep fed no DON in a 
corn-based diet (Table 3; DeHaan et al., 1984). In another study, sheep were fed 15.6 mg 
DON/kg diet DM for 28 d_ with no apparent effects on hemoglobin, red blood cell, packed cell 
volume, white blood cell, white blood cell differential, hepatic enzyme concentration in serum, 
blood urea nitrogen, Ca, Mg, Kand Na (Harvey et al., 1986). Dry matter intake, average daily 
gain or feed efficiency .were not affected by DON ingestion (Table 3). 

DeHaan et al. (1984) also evaluated effects of DON ingestion on feedlot steer and heifer 
performance. Cattle were fed diets containing 50% wheat (clean or scabby) to provide 0 or 1 
mg DON/kg diet DM for a 142-d finishing period. No deleterious effects were observed on 
average daily gain, feed intake or feed efficiency (Table 3). In a more extensive study, Nelson 
et al. (1984) evaluated effects of feeding wheat diets containing 2.3 or 10 mg DON/kg DM or 
a corn-based diet containing .2 mg DON/kg DM on health, feedlot performance, and c;rrcass 
characteristics of steers and heifers. No adverse effects of DON on tissue histology, serum 
biochemistry, white blood cell, white blood cell differential or glucose, urea, creatinine, Ca, P, 
Na and K content in blood were found .. Feeding 2.3 or 10 mg DON/kg diet DM had no adverse 
effect on intake, average daily· gain, feed efficiency (Table 3) or.carcass characteristics. 

Studies reported herein with dieJS ·containirig DON and negative for other prevalent toxins 
indicate that up to 15 or 10 mg DON/kg diet DM were tolerated by sheep and ~attle, 
respectively, without any adverse effects on animal health or performance. A recent s~dy 
conducted at the University of Minnesota at Morris confirmed these findings. One hundred 
eighty 415-kg crossbred steers were fed diets containing 75% barley (0 or 22 mg DON/kg DM) 
of similar test weights to provide 0, 6, 12 or 18 mg DON/kg diet DM (Table 4~ DiCostanzo et 
al., unpublished data). Data were analyzed separately for the initial 28 d, or for the remainder 
of the 138-d finishing period. Feeding diets containing as much as 18 mg DON/kg did not affect 
intake, average daily gain, feed efficiency or carcass characteristics. Serum biochemistry or 
hematologic variables were not affected. Analyses are under way to determine DON residue in 
Iib, liver and kidney samples obtained from a subset of 24 steers slaughtered immediately, or 21 
d after withdrawal from their DON-contaminated diets. Comparable results were obtained by 
researchers at Carrington Experiment Station in North Dakota using feedlot steers fed for 184 d 
(E.W. Boland, personal communication). Therefore, taking into consideration results from the 
previous and this study, it is apparent that feedlot cattle may consume up to 18 mg DON/kg diet 
DM without any apparent effects on animal health or performance, when no other prevalent 
toxins are present in significant concentrations. 

Only one study reported diarrhea in steers fed diets containing 14.5 mg DON/kg and 4.5 mg T-2 
toxin/kg in the literature (Schuh and Baumgartner, 1989). Whether this effect was caused by 
DON, T-2 toxin, the interaction of the two toxins, or other factors is not clear from the report, 
but it highlights the potential synergism that may occur when more than one toxin is present in 
feed. 
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Table 3. Effects of deoxynivalenol (vomitoxin) administration on production performance of feedlot cattle and sheep. 

Dose 

mg/kg 
Species diet DM mg/da ·Duration, d 

Cattle 0 0 142 

Cattle 1.0 8.6 142 

Cattle .2c 1.9 126 

. ·cattle 2.3 20.1 126 

Cattle 10.0 78.2 126 

Sheep oc 0 45 

Sheep 8.5 11.6 45 

Sheep 0 0 28 

Sheep 15.6 16.0 28 

a Calculated from reported intake and toxin concentration. 
b kg feed DM/kg gain. 
c Com (control) vs wheat-based (treatment) diet. 

DMI, ADG, 
kg/d kg FfGb Reference 

8.51 1.15 7.1 DeHaan et al., 1984 

8.65 1.16 7.1 DeHaan et al., 1984 

9.41 1.54 6.2 Nelson et al., 1984 

8.73 1.64 5.6 Nelson et al., 1984 

7.82 1.34 5.7 Nelson et al., 1984 

1.27 .250 5.0 DeHaan et al., 1984 

1.36 .209 6.7 DeHaan et al., 1984 

1.05 .221 4.7 Harvey et al., 1986 

1.03 .206 5.0 Harvey et al., 1986 
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Effects Of Other Mycotoxins On Performance Of Cattle 

Reports of effects of other mycotoxins on cattle perfonpance were obtained from clinical studies 
where cases of mycotoxin toxicity had been reported, or from studies where a pharmacological 
dose of the toxin was investigated (Table 5). Therefore, these data are intended only to provide 
insight as to the potential effects of the toxins presented and do not represent common field 
conditions: . 

,Citrinin. A report of 500-'kg steers that had reduced feed intake, fever and diarrhea (which 
resulted in a 5.2% mortality. rate) indicated that citrinin was the toxin found at an approximate 

. concentration of 4.1 mg/kg diet DM (2.7 mg citrinin/kg high moisture cqm and 8.6 mg citrinin/kg 
·corn silage; Lloyd et al., 19~5). Both feedstuffs were visibly moldy and, when feeding was 
discontinued for 2 wk, the steers recovered. 

-

-

Ochratoxin. A single 'pharmacological dose of ochratoxin dosed orally to lactating dairy cows 
caused a reduction in intake and milk yield (Still, 1973). However, when ochratoxin was fed at 
concentrations that may be found in naturally-contaminated feeds, no .clinical signs were detected 
(Ribelin et al., 1978). No other report of ochratoxin toxicity (as the only toxin found) has been 
found for ruminants. Its negligible incidence in the U.S., even during recent wet years (Price et 
al., 1993), and the finding that ochratoxin metabolites produced in the rumen are nontoxic 
(Ribelin, 1978) would indicate that ochrato~in is not of great concern for ruminants . 

• Table 4. Effects of feeding deoxynivalenol.(vomitoxin)"contaminated barley on feedlot 
performance of steers.a 

Deoxynivalenol, mg/kg diet DM 

Item 0 6 12 

Initial BW, kg 418 418 409 

Final BW, kg 588. 576 568 

ADG, kg 

First 28 d 1.14 1.07 1.16 . 

Total 1.24 1.15 1.15· 

DMl, kg/d 

First 28 d 10.58 10.45 10.52 

Total 10.96 10.60 10.59_ 

Feed DM/kg gain, kg 

First 28 d 9.69 10.16 8.82 
Total 9.01 9.31 8.95 

a Di Costanzo et al. (unpublished)~ 
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Table 5. Effects of mycotoxin administration on cattle performance. 

Dose 

mg/kg 
Mycotoxin Type diet DM mg/d 

Citrin in Feedlot steer. 4.la 49 

Ochratoxin A Lactating. 400~' '' 8000' 
dairy.cow 

Ochratoxin A Lactating 6-22c 120-450d 
dairy cow 

T-2 toxin 17()-kg calf 3.3-lQC 17-51d 

T-2 toxin 102-kg calf 17.0c 61d 

a Calculated from citrinin concentration in feed ingredients. 
b Not available. 

· c Calculated from daily dose. 
d Calculated from dose/kg BW .. 

Duration, d 

NAb 

1 

4-5 

42 

42 

Effects Reference 

Reduced intake; fever, Lloyd et al., 1985 
diarrhea and death (5.2%) 

Reduced intake and milk Still, 1973 ("") 
0 

yield N 

· No clinical signs Ribelin et al., 1978 

Some feed refusal but Osweiler et al., 1985 
gain unaffected 

Reduced intake and gain Osweiler et al., 1985 



'\ 

T-2 toxin. Osweiler et·al. (1985) evaluated effects of dosing 85 to 200-kg calves orally with the, 
3.3 to 17 mg T-2 toxin/kg diet DM (.1 to .6 mg/kg BW) for 42 d. Effects observed included. 
reduced feed intake and average daily gain when doses equaled dietary concentrations of 17 mg' 
T-2 toxin/kg diet. When calves were dosed with 3.3 or 10 mg T-2 toxin/kg diet DM, no effects 
were observed on average daily gain, although some feed was refused at the high dose. Calves· 
dosed with diet concentration equivalent to 3.3 mg T-2 toxin/kg diet DM showed no feed refusal 
and continued to gain BW at the same rate as control calves. Thus, it appears that some toxicity 
may occur when calves are fed between 3 and 10 mg T-2 toxin/kg diet DM. However, 
concentrations of T-2 toxin in feedstuffs analyzed in the past 5 yr in Minnesota are negligible 
(M. Murphy, personal communication), and only two reports of T-2 toxin-contaminated com in 
the U.S. were found in the literature (Scott, 1978). An earlier report (Hsu et al., 1972) indicated 
that in lactating dairy cows fed a. grain mix containing 60% T-2 toxin-contaminated com (2 
mg/kg DM) for over 150 din a. commercial dairy herd reduced intake, caused abortions and a 
mortality rate of 20%. However, com was visibly moldy. Therefore, mycoses as well as other 
mycotoxicoses could not. be ruled out. 

EFFECTS OF MYCOTOXINS ON REPRODUCTIVE PERFORMANCE 

The bulk of literature on Ir!ycotoxin effects on reproductive performance in ruminants comes 
from New Zealand experiments researching effects of zearalenone on sheep (Table 6). There are 
no reports of eff!!Cts by other mycotoxins on reproductive performance with the exception of 
aflatoxin. Aflatoxin wa5 .associated with infertility in two clinical cases involving dairy cattle 
(Guthrie, 1979; Schuh and Baumgartner, 1989). 

I .• ' 

Sheep dosed with the equivalent of 12 mg ZEN/kg diet DM (24 mg/d) fed for 10 d prior to 
introduction of the ram caused prolonged estrous behavior, reduced ovulation rate and reduced 
fertility (Table 6; Smith et al., 1986). Twelve mg ZEN/kg diet DM is a dose rate considerably 
higher than those occurring naturally (Smith et al., 1991; Price et al., 1993). However, ZEN may 
exert its toxic effects by accumulating in the body, or as a result of short-term exposure to high 
doses. For instance, reduced ovulation rate was evident in ewes exposed to the equivalent of 1.5 
mg ZEN/kg diet DM (3 mg/d) for only 10 d premating, while ovulation rate was reduced in ewes 
exposed to only .5 mg ZEN/kg diet DM equivalent (1 mg/d) for 20 to 40 d premating (Smith et 
al., 1991). 

There were no effects of ZEN ingestion on embryo survival or lambing performance after feeding 
. 12 mg ZEN/kg diet DM (25 mg/d) for 10 d immediately postmating (Smith et al., 1991). 
However, ZEN intake during other stages of the reproductive cycle, or for long-term feeding, has 
not been studied. Smith et al. (1991) hypothesized that although effects of short-term exposure 
to ZEN are reversible, long-term exposure may not be. 

Apparently, only ewes are affected by ZEN when dosed prior to mating. Rams fed 2.5 mg 
ZEN/kg diet DM (6 mg/d) for 30 d had normal semen production and fertility (Smith et al., 
1991). 

204 



·; ~Table 6. Effects of zearalenone ingestion on reproductive pe.iformance of ruminants. 

Dose 

mg/kg 
Species Type diet DM mg/d Duration, d Effects Reference 

Bovine Dairy heifer 158 250 63 Reduced conception rate Weaver et al., 1986b 

Bovine Dairy herd 1.25 NAb NAb Reduced conception rate Schuh, 1983 
i 
i 

Bovine Dry dairy 26.08 500 42 No histologic or physiologic Weaver et al., 1986a 
cow effects 

Bovihe Lactating · 25-100 NAb 42 Swollen genitalia, bl.it normal Mirocha et al., 1978 
dairy cow estrous cycles and ovulation 

Ovine Rani 2.58 6 30 No effects on semen production Smith et al., 1991 I/") 

0 

or fertility N 

Ovine Ewes- 128 24 10 No effects on embryo survival Smith et al., 1991 
postmating or lambing performance 

Ovine Ewes- .5a 1 20-40 Reduced ovulation rate Smith et al., 1991 
premating 

Ovine Ewes- 1,5a 3 10 Reduced ovulation rate Smith et al., 1991 
pre mating 

Ovine Ewes- 12.58 25 10 Prolonged estrus behavior, reduced· Smith et al., 1986 
pre mating_ ovulation rate, reduced fertility 

a Calculated from daily dose. 
b Not available . 

.,__ ____________________________________________________ ---·-·····----
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Effects of ZEN on reproductive performance of cattle are not clearly defined. Studies reported 
(Table 6) were based on doses considered in the high range of naturally occurring contamination 
(Price et al., 1993). Therefore, these data are presented to indicate the potential toxicity of ZEN, 
but not to infer about concentrations that potentially may be fed to cattle. Nevertheless, up to 
100 mg ZEN/kg diet DM were dosed to either dry or lactating dairy cows for 42 d with no 
adverse physiological effects (Mirocha et al., 1978; Weaver et al., 1986a), although swollen 
genitalia were observed (Mirocha et al., 1978). However, there is a report from Austria (Schuh, 
1983) where a clinical case of ZEN effects on reproduction of dairy cows was reported at a 
concentration of 1.25 mg/kg diet DM. No other facts were provided to aid in explaining this 
observation. · 

Heifers fed the equivalent of 15 mg ZEN/kg diet DM (260 mg/d) for 63 d had reduced 
conception rates (Weaver et al., 1986b). Therefore, Osweiler (1982) recommended that no more 
than 5 mg ZEN/kg diet DM be fed to virgin heifers. Fortunately, ZEN concentration in 161 
samples analyzed between 1989 and 1992 across the U.S. ranged from nondetectable (148 
samples) to between .07 and .15 mg ZEN/kg DM-(12 samples; Price et al., 1993). The effect 

\ . 
of phytoestrogens from other feed sources should always be considered when unusual estrogenic 
signs are observed. .. 

EFFECTS OF MYCOTOXINS ON TIIE IMMUNE SYSTEM 

In ruminants, only the most potent toxins have been observed to affect the immune systeni"and, 
in many instances, only after relatively high doses were utilized (Table 7). 

Citrinin And Ochratoxin 

Some observations made with naturally-contaminated feedstuffs were reported. Calculated dietary 
concentration of 4 mg citrinin/kg DM was associated in one case with increased white blood cell 
count in 500-kg steers (Lloyd et al., 1985). In contrast, when 37 mg ochratoxin A/kg diet DM 
were fed to 80-kg calves, serum immunoglobulins were unaffected (Patterson et al., 1981). It 
was hypothesized that ruminal degradation_ of the toxin rendered it nontoxic (Sharma, 1991). 

T-2 Toxin 

When T-2 toxin was dosed orally at equivalent dietary concentrations ranging from 8.6 to 17 
mg/kg diet DM for 28 to 56 d, there were reductions in immunoglobulins A and M, and reduced 
T-cell and neutrophil number and function (Mann et al., 1984; Osweiler et al., 1985). Some 
evidence existed to indicate that B~cell number and function were slightly increased. 
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Table 7. Effects of mycotoxin administration on. the immune response by cattle. 

Dose 

mg/kg 
Mycotoxin BW, kg diet OM mg/d Duration, d 

Citrin in 500 4.1 a 49 NAb 

Ochratoxin A 80 37.0 155 87 

T-2 toxin '102 17.oc 6ld 42 

T-2 toxin 80 8.6c 24d 56 

T-2 toxin 192 16.6c 96d 28 

a Calculated from citrinin concentration in feed ingredients. 
b Not available. 
c Calculated from daily dose. 
d Calculated from dose/kg BW.·. 

Effects 

Increased white blood .cell count 

Serum immunoglobulins unaffected 

Reduction in lg A, lg M and C3 · 

Neutrophil function was reduced; reaction 
to antigens reduced 

B-cell number and function increased; 
T-cell number and function reduced after 
19 d; neutrophils and function reduced 

(' 

Reference 

Lloyd et al., 
1985 

Patterson et al., 
1981 

Osweiler et al., 
1985 r-

0 
N 

Mann et al., 
1984 

Mann et al., 
1984 

---- - - ------------- --- - ----- -_ ~-- -
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Although some effects of T-2 toxin on the immune system, when dosed at relatively high 
concentrations, are quite evident, these findings provide an .indication of the extent of the T-2 
toxin toxicity. Therefore, additional studies with normally occurring concentrations should be 
conducted to evaluate effects of T-2 toxin on the immune system and production performance 
of ruminants. Similarly, more studies are needed with citrinin and ochratoxin to determine the 
extent to which they affect the immune system under field conditions. White blood cell counts 
and white blood cell differentials were not affected in studies with cattle and sheep fed DON 
(Nelson et al., 1984; Harvey et al., 1986; DiC9stanzo et al., unpublished). 

MYCOTOXIN ACCUMULATION IN TISSUES 

Although some mycotoxins do not appear to be toxic to the ruminant animal, at. levels normally 
found in feeds, the probability exists that some of the parent compound, or one of its metabolites, 
is accumulated in edible tissues or milk, thereby creating a food safety issue. Deoxynivalenol 
is the most extensively studied toxin (Table 8), with the exception of aflatoxin for which well 
defined safety levels were set (FDA, 1989). 

Deoxvnivalenol (Vomifoxin) 

A single pharmacological dose of DON administered intravenously (300 mg; equivalent" to 150 
mg/kg diet DM) or an oral dose (1320 mg/d equivalent to 880 mg/kg diet DM) administered for 
72 h to sheep led to excretion in milk of traces of DON and 240 ng DOM-1/ml, and traces of 
DON and 101 ng DOM-1/ml, respectively, 12 h after infusion or after DON feeding was 
discontinued (Prelusky et al., 1987). When a single dos~ equivalent to 48 mg DON/kg diet D-'M 
(920 mg) was fed to lactating cows, free and conjugated DON concentration in milk was below. 
4 ng/ml (Prelusky et al., 1984). Cote et al. (1986) observed a greater concentration of 
unconjugated DOM-1 in milk (26 ng/ml) when dairy cows were dosed with 837 mg/d for 5 d. 
Milk ~;ield and milk composition were not affected. Therefore; there appears to be a difference 
in DON accumulation in milk after single vs multiple doses, but this may occur only at DON 
concentrations higher than those commonly observed in the field. Charmley et al. (1993) 
measured DON and DOM-1 in milk from cows consuming up to 100 mg DON/d for 70 d and 
reponed no DON or DOM-1 residues in milk. Therefore, under practical conditions there appears 
little_ reason to suspect that any residue is transferred to milk . . 
In meat animals, DON was not detected in thigh, breast, liver or gizzard of chicks fed 4 to 5 µg 
DON/g for 28 d (El-Baana et. al., 1983). In swine, greater than 95% of ingested DON is 
eliminated in the urine unchanged within 24 h (Coppock et ai., i985). Less than 50 µg DON/kg 
were detected in liver, kidneys, pancreas, spleen, stomach wall and lymph nodes of pigs fed 5.8 
mg DON/kg diet DM for 5 wk. Residues were not detectable when DON was withdrawn 12 h 
before slaughter (Pollmann et al., 1985). Studies are under way to evaluate effects of feeding 
DON-contaminated barley to steers on DON accumulation in rib, liver or kidney (DiCostanzo et 
al., unpublished data). · 
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- Table 8. Effects of rriycotoxin administration on toxin accumulation ifl tissues of ruminants. 
I .... :.. ·,. 

Dose a .... 

BW, mg/kg .. Dura-
Mycotoxin Species kg diet DM mg/d tion, d · Effects '· Reference· 

0 Deoxynivalenol Bovine 450 66 837 5 No deoxynivalenol detected in milk, but Cote et al., 
26 ng/ml of unconjugated deepoxy 1986 
deoxynivalenol found in milk 

-.. 

Deoxynivalenol Bovine 530 " - 48b 920 1 Free and conjugated deoxynivalenol Prelusky et al., 
found to be <4 ng/ml in milk 1984 

Deoxynivalenol Ovine 75 150b 300c Excretion of deoxynivalenol and · Prelusky et al., 
deepoxy deoxynivalenol in milk was 1987 
trace and 240 ng/ml 12 h post-infusior:i 

. '. 
Deoxynivalenol Ovine 75 880 1320 3 Excretion of DON traces and 101 ng/ . Prelusky et al., °' 0 

ml DOM-1 12 h after DON removal 1987 N 

Ochratoxin A Bovine 600d 6-22b 120-450c 4-5 No ochratoxin A and traces of Ribelin et al., 
ochratoxin ex. in milk 1978 

Ochratoxin A Bovine NAr 400~ 8000 Ochratoxin detected in milk and· urine Still, 1973 
-I,; 

, 

T-2 toxin Bovine 364 96b 874c 1-3 No T-2 metabolite found in muscle, Stahr et al., 
although thymus, liver, brain and 1983 
gallbladder contained some 

T-2 toxin Bovine 238 80-120b 571-857c 1 No T-2 toxin detected in tissues, Beasley· ef al., 
T-2 metabolites not determined 1986 

a Oral, unless otherwise stated. c Intravenous dose. c Calculated from dose/kg BW. 
b Calculated from daily dose. d Estimated. r Not available. · 
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Other Toxins 
·. c 
Acc,umulation of other toxins in tissues have been determined after administering pharmacological 
doses (Table 8): Ochratoxin was found in milk when administered singly at 8000 mg/d 'BW to 
dairy cows (Still, 1973). However, when ochratoxin A concentrations similar to those found in 
naturally contaminated feedstuffs were fed to lactating dairy cows, no ochratoxin A and only 
traces of ochratoxin a were found in milk (Ribelin et al., 1978). Doses ranging from equivalent 
concentrations of 80 to 120 mg T-2 toxin/kg diet DM (2.4 to 3.6 mg/kg BW) did not lead to 
accumulation of parent T-2 toxin in edible tissues of 238-kg calves (Beasley et al., 1986). Other 
T-2 toxin metabolites were not measured. Doses averaging 96 mg T-2 toxin/kg diet DM (2.4 
mg/kg BW) were tested on 364-kg steers (Stahr et al., 1983). No parent T-2 toxin or metabolites 
were found in muscle, although some T-2 toxin metabolites were found in thymus, liver, brain 
and gallbladder (Stahr et al., 1983) .. 

SUMMARY OF MYCOTOXIN EFFECTS 

.,.This section is intended to summarize data presented for toxins reviewed. Emphasis was placed 
· 'on DON and ZEN, because these toxins are the most prevalent and sufficient information was 

generated to recommend acceptable levels. Effects of other toxins are also summarized . 
. · 

Deoxvnivalenol <Vomitoxin) 

I 

From the aforementioned discussion on effects of deoxynivalenol (vomitoxin) on ruminant animal 
, · performance and health, it is safe to establish that feedlot cattle and sheep may consume diets 
. ·containing up to 18 mg DON/kg DM without any adverse effects on health or performance, 

Studies evaluating DON and its metabolite accumulation in tissues are under way to establish 
'whether these dietary concentrations may create a food residue concern. Dairy cattle may 
consume diets containing up to 6 mg DON/kg DM without any adverse effects on performance, 
milk composition, milk flavor, or excretion of DON or DOM-1 in milk. These findings should 

. permit grain producers facing DON contamination to seek alternative ways to market their grains; 
as animal feed. 

Zearalenone 

Sufficient information has been generated with sheep to recommend that breeding ewes should 
··not be exposed to more than 1 mg ZEN/d (approximately .5 mg ZEN/kg diet DM) for more than 
20 d prior to ram introduction. Higher levels cause infertility in even shorter exposure periods. 
Rams, or pregnant ewes, tolerate higher dietary concentrations, but these are not well defined. 

For cattle, a recommendation in the literature indicated not to exceed 5 mg ZEN/kg diet DM for 
growing heifers prior to their first breeding. This recommendation seems reasonable, because 
heifers fed 250 mg ZEN/d (equivalent to a dietary concentration of 15 mg ZEN/kg diet DM as 
determined from observed feed intake in the study) had reduced ovulation rate. Reported effects 
of ZEN on production and reproduction of mature cows were not sufficiently consistent to 
suggest acceptable levels. However, cows may be more_ resistant to ZEN toxicosis than heifers. 
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Ochratoxin 

Many studies conducted with ochratoxin dosing involved pharmacological doses of the toxin. 
Therefore, it is difficult to recommend tolerance levels for cattle. However, one report where 
ochratoxin was fed at concentrations measured in naturally contaminated feedstuffs (6 to 22 
mg/kg diet DM calculated from dose/day provided and estimated 600 kg BW) indicated no 
effects of ochratoxin on health of dairy cows, and no ochratoxin was found in milk. 
Additionally, no ochratoxin was found in grain traffic surveillance between 1989 and 1992. 
Therefore, ochratoxin may not be of great concern for ruminant feeds in the U.S. 

However, a report was found where both ochratoxin and citrinin were measured in diets of 
lactating dairy cows that had developed clinical signs indicative of nephrotoxicosis. Thus, when 
both ochratoxin and citrinin are found their toxicity may be augmented. This is true of all other 
toxins. 

T-2 Toxin 

No reports that evaluated effects of T-2 toxin on performance of feedlot or dairy cattle were 
found. Only references to immunologic studies and a clinical case with dairy cows. From these, 
it can only be speculated that calves weighing between 85 and 200 kg may be able tb tolerate 
between 3 and 10 mg T-2 toxin/kg diet DM (calculated from dose/kg BW and BW provided). 
For lactating dairy cows, data were not conclusive. 

In addition, further studies must be undertaken to evaluate whether these toxins or Tueir 
metabolites accumulate in edible tissues and milk at levels harmful to humans. ;-o 

""'~-:. 

FEEDING AND MANAGEivlENT STRATEGIES 

The Food and Drug Administration has issued advisory levels for DON (vomitoxin) in flour for 
human consumption and animal feeds. Adverse animal and human health effects are not 
expected to occur at these advisory levels. Flour for direct human consumption should not 
exceed 1 ppm DON. Grain or grain byproducts to be used in swine rations should not exceed 
5 ppm with the added recommendation that these ingredients not exceed 20% of their diet. Grain · 
or" grain byproducts to be used in ruminating beef cattle and feedlot cattle older than 4 mo and 
for chickep rations should not exceed 10 ppm with the added recommendation that these 
ingredients not exceed 50% of their diet. Grain or grain byproducts to be used in rations for all 
other animals should not exceed 5 ppm with the added recommendation that these ingredients 
not exceed 40% of their diet. 

The following is a recommendation chart to highlight strategies for dealing with mold and 
mycotoxin-contaminated grains: 
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INFLUENCE.OF FEED INTAKE PATIERNS ON IQ;T \\'EANING REPRODUCIIVE 
PERFORMANCE OF IACTATING SO\\S 

Y. Koketsu•, G. D. Dial*1
; J. E. Pettigrewt, W. E. Marsh* and V. L. King* 

*Departments of Clinical and Population Sciences and tDepartment of Animal Science, 
, University of :Minnesota 

A Bridge Between Studies in the 1aboratmy and ~eivatiom on Commereial Faitm 

Th~e projects were initiated during the summer of I 990 in an effort to bridge the knowledge gap 
existing between research-farm based findings on the reproductive manifestations of lactational 
nutrient intake and how lactating sows actually consume feed on commercial farms. The studies 
were based upon the belief that swine producers understood the general implications of feed 
intake during lactation, but did not have the practical knowledge as to how to feed their lactating 
sows such that they could manifest their genetic potential. To us, this lack of practical knowledge 
on sow feeding appeared to have persisted despite the plethora of research-farm-based studies 
showing that suboptimal nutrient intake is associated with prolonged weaning-to-service intervals 
(King, 1987), reduced subsequent litter size (Kirkwood et al., I 988) and lighter litter weights at 
weamng (Brendemuhl et al., I 987). .: 

In a preliminary study conducted in I990 in which lactational feed intake was recorded, we 
noticed that a significant proportion of sows had a transient but substantial depression in feed 
intake. typically during mid-lactation (I99Ia). We also had observed in earlier studies (Tokach 
et al.1992), that lysine and energy during early to mid-lactation, not just nutrient intake dilljng · 
late lactation or average intake throughout lactation, influenced post weaning reproducti\Te 
performance. We noted that sows having prolonged weaning-to-service intervals had early and 
mid-lactation levels of metabolic and reproductive hormones differing from those sows that 
returned to estrus at normal intervals. Based upon these observations, we thought that it was 
imperative that if sows in commercial herds were to be able to manifest their genetic potential 
for reproduction and milk yield, producers must understand the specific influences that feed 
intake patterns during lactation have on reproductive performance and, if necessary, learn to 
minimize those patterns that perturb reproductive performance. In this manuscript, we review the 

· findings of two studies: (1) a field study designed to determine how the patterns of feed intake 
commonly observed on commercial farms relate to sow performance, and (2) a research-farm
based study which investigated the effect that varying the amount of energy to which sows were 
e:\.-posed during various stages of lactation had on reproduction performance. 

Type of Feed Intake Patte~ ~eived 

After at least a I -month training period, lactational feed intake was recorded for one calendar 
vear on 30 commercial farms 16cated in :Minnesota and Iowa After the completion of the I-year 

1To whom correspondence should be addressed. 
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' period, the profile of feed intake during lactation was retrospectively classified into one of six 
patterns (Koketsu et al., 1992b )_: 

I - standard; normal rise-in feed intake following farrowing with levels reaching 
_their peak at 7 to 10 days prior to remaining stable; nq dip in _feed _ intake 
observed. 

II - major dip;;:::. 4 lbs/day decrease in daily feed intake which remained depressed 
for ;:::.2 gays. 

ill :- minor dip; transient < 2-day decrease in average daily feed intake. __ 

N - feed intake remains low throl1ghout lactation 

V - low feed intake during the first week of lactation followed by a rise to normal 
feed intake during mid- to late lactation 

VI - daily feed intake increases gradually throughout lactation. 
. . 

', The six patterns are presented schematically in Figure 1. The frequency distributiqn ,of the feed 
intake patterns across all farms is presented in Figure 2. As shown, the majority of sow had 
patterns of feed intake that might not be considered desirabl~ (i.e.- _Pattern I). 

- ' 

-Risk Factois for Feed Intake Pattern 
, . . 

An obvious question to ask is" "What causes the undesirable patterns of feed intake? Patterns II 
(major dip), III (minor dip), N (low intake) and (low then high) had depressed feed intake 
sometime during lactation. Patterns I (standard) and VI (gradual increase) had no dips in feed 
intake. Using logistic regression analysis, lower parity, higher feed intake early in lactation, 
lighter weaning weight, longer lactation, and higher high room temperature were associated with 
depressions in feed intake. Furthermore, sows having higher backfat tended to have dips in feed 
intake early lactation relative to sows haying less backfat. 

Influence of Feed Intake Pattern on Reproductive Performance and Occwrence of Reproductive 
Failure 

We defined four measures of reproductive performance and four measures of reproductive failure 
according to definitions previously defined by the PigCHAiv1P® information system. Weaning-to
service (WSI), weaning-to-conception intervals_ (WCI), litter weight at weaning (WWt), and 
subsequent litter size (SLS) were used as measures of reproductive performance in multiple 
regression analysis. Feed intake pattern significantly affected WSI, WCI and WWt. Sows having 
Patterns N (low intake) and V (low then high} had longer (P<.0001) WSI and WCI than the 
other patterns. Sows having pattern II had lighter (P=.0004) WWt than sows having patterns I, 

. III and VI. No significant difference was found among patterns in subsequent litter size at 
farrowing. 
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Logistic regression -analysis was to asses the effect of feed intake pattern on four measures of 
reproductive failure: regular (RRS) and irregular returns to service after mating (IRRS), and 
removal from the herd due to anestrus (ANES1) and non-C'.Qnception (NOCONC). Sows that were 
bred within 7 days post weaning and which norm.ally farrowed were selected as a reference group 
for the reproductive failure groups. , _ · 

Feed intake Patterns II, IV and V had higher proportions of sows removed for anestrus relative 
to Pattern I (P=.0005; Table 6). Pattern IV had a higher proportion of IRRS occurrence than 
Pattern I (P=.0122). There were no differences (P>.10) in reproductive failure rates between 
Pattern I and Patterns II, III, IV, V and VI: Sows having dips in feed intake during weeks 1 and 
2 had higher removal rates due to ANEST than control sows (P=.0015 and .0018). 

Factois Influencing lactational Feed Intake _ 
- - -

Fann-level Foctors. We recorded farm-level information at the first and last of four quarterly 
visits. Data was collected on floor type in the sow area of the farrowing crate, farrowing crate 
design, farrowing crate area, waterer type, feeder dimension, usage of creep feed, herd size and 
genotype. Regression analysis using a nested technique was used to explore the effects of farm 
level factors on feed intake during lactation. ·' 

The~ waterer types used were nipple, drinking cup and wet feeder systems. The floor types 
included plastic coated expanded metal (PCEM), woven wire and triangular metal slats (Tri-bar). 
Crate types included finger bar, bowed bottom bar and straight bottom bar. Genotypes were 
categorized as crossbred of (I) American origin, (II) recent European origin, or (III) rotational 
breeding program. On farms using nipples, the water flow rates from 20 randomly selected 
nipples was taken 5 times from July, 1990 to January, 1992. On farms using drinking cup or wet 
feeders, water flow rate from 20 randomly chosen waterers was taken only once during the 
summer of 1990. . 

- ' ' 

Sows on farms using Tri-bar (5.0 kg) consumed more (P<.01) than sows on PCEM (4.6 kg) or 
woven wire (4.5 kg). Sows on farms using wet feeders (4.9 kg) consumed more feed (P<.01) than 
sows on farms having nipple drinkers (4.4 kg). The flow rates of 27 nipples (2.2%) were less 
than 500 ml/min in 9 farms. No flow rates less than 500 ml/min were found with the other 2 
types ofwaterers. Sows on farms using genofypes I and III (4.9 kg) consumed more feed (P<.01) 
during lactation than sows of Genotype II ( 4.3 kg). No effects of crate type, farrowing crate area, 
feeder dimension, herd size and usage of creep feed on feed intake during lactation were found. 

We recognize three limitations to our approach .. First, differences using the sow level data may 
be overemphasized because of our expanded sample size. Second, the farm effect may confound 
our results, since each farm had only type of equipment. To minimize the influence of this 
potential confounder, we used a nested technique across farms. Third, if categorical variables had 
the same distribution, results would be confounded. Therefore, we confirmed that none of the 
categorical variables had the exact same distribution. 

Sow-level Foctors. The average daily feed intake (ADFI) was 5.2 (SD±l.4) kg per sow. Average 
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day of peak intake occtnTed 12.6 (SD±4.6) days post-farrowing. Regression analysis revealed that 
the major risk factors affecting feed intake during lactation were lower parity, higher room 
temperature, lighter ·litter weight, longer lactation length, thicker backfat and patterns of feed 
intake associated with dips. Sow backfats averaged 18.0 mm (S:0±4.4) across parities. Multiple 
regression coefficients of risk factors affecting ADFI were 247 g for parity, 9 g for litter weight 
at weaning (kg), -13 g for room temperature (°C), 62 g for lactation length (days) and -0.4 g for 
energy density (kcal). Backfat thickriess within one week before farrowing had a -19 g regression 
coefficient. · 

.. Influence of Stage of Ulctation on Reproductive Perfonnance· 

The Research{ arm-based Experiment. Thirty-six primiparo_us sows were assigned to one of five 
treatments designed to mimic common patterns of feed iritake observed in previous studies of 
commercial farms. There were five treatments: .high energy.intake (HHH) or low energy intake 
during each week of a 3-week lactation (LLL); reduced intake during week 1 (LHH), week 2 
(HLH) or week 3 of lactation (HHL). The metabOlizable energy intake of sows was either 16.5 
(H) or 6.5 (L) Mcall day. These diets were isolysine, providing 45 gJ day. · 

, . 

The HHH sows (9±3.2 d) had shorter (P<.05) weaning-to-estrus interval (WEI)~ the LLL 
(23±3.5 d), HLH (22±3.5 d) and HHL (18±3.2 d) groups. We also observed that"WEI was 
associated with LH pulse frequency and amplitude on d 21 (the last day of lactation) and the day 
after weaning, and concentrations of insulin and glucose during any stage of lactation. Our results 
indicate that a week of energy reduction, especially, during the first and second weeks, prolonged 
WEI . .. 

Field Trial.. ADFI during early lactation had a greater effect on WSI than it .did during late 
lactation. Conversely, ADFI during late lactation affected WWt more than did early lactational 
ADFI using regression analyses (Koketsu et al, 1994). Using path analysis, the direct effects of 
ADFis during Week 2 (P=.056) and Week 3 (P<.0001) on WWt, and the direct effects of ADFis 
during Week 1 (P=.0435) and Week 2 (P=.0615) on WSI were found to be significant. 

· Factors Affecting Reproductive Performance 

Feed Intake. Regression coefficients of average daily feed intake (kg) on WSI; WCI, WWt and 
SLS were +l.02 days, +l.04 days, +IJO kg and +o.01 pigs, respectively. ·· 

Parity. As parity increased, WSI and WCI decreased, and WWt and SLS increased. Parity 1 had 
the longest Log-\\'.SI and -WCI, and lightest WWt. Parity 3 had the largest SLS .. 

Season Sows farrowing during the summer and spring had the longest and second longest WCI, 
and sows farrowing during the spring had longer WSI than sows farrowing during the summer. 
Summer farrowing sows produced the lightest WWt; sows farrowing during the fall had the 
heaviest litter weight. No differences were found in SLS due to either farrowing month or 
season. 
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Lcrtation Length As LL increased, WSI and WCI decreased and WWt increased. Longer LL anp . 
farrowing-to-conception were associated with larger SLS. --

Path Analysis 

Using path analysis, the direct effects of ADFI, parity and LL on WSI, WCI, WWt and SLS were 
significant (P<.0001). The direct effects of HT on WWt (P<.0001), WSI (P=.0110), and WCI 
(P<.0001) also were significant. HT had no effect (P>.10) on SLS . 

. , ', 

Conch5ions 

The major factors affecting feed intake pattern during lactation are lower parity, higher room 
temperature, lighter litter weight, longer lactation length and thicker backfat. Farm-level factors 
affecting feed intake include feeder design, type of farrowing crate flooring and genotypes. 
Lactational feed intake was found to affect reproductive performance in our field trial conducted 
on commercial farms as well as in our research-farm-based experiment. Furthermore, both feed 
intake and pattern of feed intake influenced the occurrence of reproductive failure. Feed intake 
during early lactation affected WSI more than it did during late lactation. Feed intake during late 
lactation was more closely associated with heavier litter weaning weight than it was during early 
lactation. 
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Figure 1 - Six feed intake patterns observed on commercial fanns. 
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Figure 2 - Frequency distribution of feed intake patterns. 
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DIETARY MODIFICATIONS THAT MAY OPTIMIZE 
LACTATING SOW PERFORMANCE 

INTRODUCTION 

Lee J. Johnston, PhD. 
Animal Scientist 

West Central Experiment Station, Morris 
University of Minnesota 

In recent years there has been renewed interest in nutrition of the swine breeding herd. Many 
interesting concepts of how diets should be formulated have been proposed. The concepts 
discussed in this paper have shown improved sow performance in early experiments. These 
concepts must be subjected to further scrutiny before they can or should be incorporated into 
the mall)stream of diet formulation for lactating sows. Unfortunately, the large number of. 
sows necessary to document an effect of diet on reproductive traits frustrates nutritionists that 
strive to be on the cutting edge of a rapidly changing industry. The concepts and research 
results presented in this paper should be viewed as early advances in a long series of · 
investigations that will determine if the concepts presented here should be implemented in 
practical formulation of sow diets. Hopefully, future investigations will substantiate findings 
of these early experiments. ,_ -iii 

ESSENTIAL AMINO ACID NUTRITION 

The concept of an ideal protein or amino acid balance of diets is being broadly applied in 
swine nutrition. Much research has been directed toward application of the ideal protein 
concept to young growing pigs. ·A primary focus of this research is to define the ratio or . 
pattern of essential amino acids that most closely matches the pig's need for amino acids. The 
appropriate amino acid pattern for lactating sows has not been researched thoroughly. In the 
absence of an amino acid pattern developed specifically for lactating sows, researchers have 
developed ratios from NRC or ARC requirements for individual amino acids. Others have 
developed amino acid patterns from the_amino acid concentration in sow's milk. The primary 
discrepancy between NRC and ARC ratios occurs with valine. Ratios developed from NRC 
(1988) set dietary valine at 1003 of lysine while ratios based on ARC (1981) set valine at 
703 of lysine. NRC used an empirical approach to set amino acid requirements while ARC 
used a factorial approach. One must question which valine level relative to lysine is likely to 
optimize performance of lactating sows. The practical significance of this question relates to 
whether or not valine becomes a limiting amino acid in sow diets as lysine concentration 
increases. Synthetic lysine is used routinely to increase lysine concentration of diets for high 
producing sows. Use of synthetic lysine to achieve high lysine diets(> .93 lysine) may cause 
valine to be first limiting. 

Researchers at Kansas State University (Tokach et al., 1993) formulated two com-soybean 
meal diets for lactating sows that contained .9% lysine. One diet contained . 75 % valine (83 3 
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of lysine) while the second diet contained .9% valine. Both diets contained_eq11al amounts of 
synthetic amino acids except for valine and concentration of all other essential amino acids was 
set at 110% of the ratio to lysine suggested by NRC (1988) except for valine. No differences 
in litter birth weight, piglet survivability, or daily sow feed intake were observed due to diet. 
Daily feed intake of sows was rather low at 4.2 kg in this study. Litter size was unaffected 
by valine concentration of the diet (Table 1). However, litter weaning weight increased for 
sows fed a diet with .9% valine compared with sows fed .75% valine. This response in litter 
weight seemed to be greater for sows nursing larger litters. 

TABLE 1. EFFECT OF TWO LEVELS OF DIETARY VALINE ON PERFORMANCE OF 
LACTATING SOWSa 

Item Valine,% 
No. of sows 
Pigs weaned/litter 
Litter weaning wt. , kg 
~okach et al., 1993. 
b,cMeans differ (P < .04) 

All sows 
.75 .90 
75 77 

10.12 10.25 
57.59b 60.79c 

~ 10 pigs 
.75 .. 90 
39 . 39 

9.21 9.28· 
55.36 . 57.07 

> 10 pigs 
.75 .90 
36 38 

11.18 11.17 
60.51. 64.13 

CV 

10.5 
15.3 

The positive responses to dietary valine noted in this first study prompted an additiorial · 
experiment with high producing sows that·f'.xpressed a greater daily feed intake during 
lactation than was observed in the initial experiment. This second experiment was conducted 
as a joint project between researchers at Kansas State University and the University of .-
Minnesota (Richert et al., 1994). Two hundred-three maternal-line sows were assigned to one 
of five levels of dietary valine for a 26-day lactation period. A com-soybean meal based diet 
was formulated to contain .75% valine and .9% lysine. Ratios of other essential amino acids 
to lysine were determined from NRC (1988) ~d ARC (1981). All diets were formulated to 
contain 110% of concentrations of essential ainino acids outlined by ratios to lysine. Synthetic 
L-valine was substituted for com starch to achieve the designated dietary valine 
concentrations. All diets contained a similar amount of synthetic amino acids except for 
valine. Pigs were cross-fostered by day three postpartum to achieve a uniform litter size 
across treatments. Sows had ad libitum access to feed and water throughout lactation. Litters 

, were not offered creep feed. 

Dietary valine concentration had no effect on voluntary feed or lysine intake of sows and did 
not influence litter size at weaning (Table 2).· A positive linear relationship between valine 
concentration and daily valine intake was observed. A significant linear increase in litter 
weight gain was observed as dietary valine concentration increased. Assuming that litter 
weight gain is a practical measure of sow milk production, one may be tempted to conclude 
the lactating sow' s requirement for valine is 117 % of dietary lysine. 
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TABLE 2. EFFECT OF INCREASING CONCENTRATION OF DIETARY VALINE ON 
PERFORMANCE OF LACTATING SOWSa 

Dietary valine, 3 
Item .75 .85 .95 1.05 1.15 CV 
Sow feed intake, kg/d 6.42 6.00 6.15 6.34 6.27 14.3 
Lysine intake, g/d 57.8 53.8 55.3 57.0 56.5 14.3 
Valine intake, g/db 48.3 50.9 58.4 66.4 72.1 14.7 
Pigs weaned/litter 10.2 10.2 10.1 10.2 10.2 3.7 
Litter weaning wt., kgc 76.2 76.l 77.8 78.8 79.9 11.0 
Litter wt. gain d 0 to weaning, kgc 60.6 60.7 62.1 63.3 64.0 12.6 
a Richert et al. , 1994. 
~inear effect of valine (P < .001). 
cLinear effect of valine (P < .02). 

This conclusion seems to be supported by recent measurements of arteriovenous differences 
for amino acids across the sow's mammary gland (Trottier et al., 1994). Arteriovenous (A-V) 
difference for valine expressed in absolute terms was 1373 of the A-V difference for lysine. 
suggesting that the mammary gland requires more valine relative to lysine for milk production 
(Trottier, personal conununication). However, valine concentration in sow' s milk is about 

;. 
73 3 of the lysine concentration (Pettigrew, 1993). The high uptake of valine by the 
mammary ·gland relative to lysine and the much lower valine: lysine ratio in sow's milk · ·\ 

........ ~ 

suggests the manunary gland uses a significant portion of the valine for activities other than 
synthesis of milk protein. 

One should interpret these results with caution. Firstly, two experiments in which crystalline 
valine was supplemented to sow diets are not sufficient to justify radical changes in the 
fonriulation of diets for lactating sows. Secondly, our results do not distinguish between 
valine and the other branched-chain amino acids (leucine, isoleucine). The mammary gland 
may have a relatively high requirement for branched chain amino acids that was satisfied by 
the synthetic valine used in our experiment. Future experiments will need to determine if the 
response is repeatable and specific to valine. Thirdly, sows in our study may have 
metabolized valine as a readily available energy source in the mammary gland or used valine 
in the synthesis of non-essential amino acids. Inherent in the above discussion is the 
assumption that increasing dietary concentration of valine yielded an elevated concentration of 
valine in blood reaching the mammary gland. 

The discussion above focuses on the biological implications of dietary valine concentration on 
sow performance. However, one must consider the economic implications of these data. If 
future studies. substantiate the observation that diets for high producing lactating sows should 
contain valine at greater than 1003 of the lysine concentration, then one must weigh the value 
of an additional pound of litter weight against the cost of supplying high valine levels relative 
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to lysine in the diet. Synthetic lysine is often used to economically achieve high lysine 
concentrations in diets for highly productive sows. Dietary valine may. be limiting in these 
diets. This potential valine limitation-can be corrected by: 1. removing synthetic lysine and 
using more soybean meal; 2. supplementing the diet with crystalline valine which presently is 
not commercially available at a reasonable cost; or 3. including a "valine-rich" protein source 
in the diet. The added diet costs for each of these solutions must be less than the value of the 
additional litter weight gain before the swine industry will implement this concept. Future -
experiments will address the biological issues and determine the proper level of d~etary valine 
for high producing lactating sows. With more complete knowledge of the sow's valine needs, / 

. the swine industry will determine the most profitable way to apply that knowledge. 

DIETARY MANIPULATION OF METABOLISM _ 

Various research groups around the world recently have been attempting to identify the 
physiological connection between diet and reproductive performance in the sow. Much· 
attention has been focused on the role of insulin. The working hypothesis is that insulin is a 
messenger that keeps the reproductive system (hypothalamus, pituitary, ovaries) informed of 
the metabolic condition of the sow. nus hypothesis is based on the observation that females 
in negative energy and/or nutrient balance have low circulating concentrations of insulin in 
blood (Baidoo et al., 1992) and display suboptimal reproductive function. Reproductive 
function improves when energy and/or nutrient balance returns which coincides with increased 
insulin levels in blood (Armstrong et ·al., 1987; Booth, 1990). A logical approach to 
understanding insulin's role is to provide supplemental insulin via injection to,sows. This• 
approach has met with limited success. Injection of insulin increased ovulation rate in gilts , 
compared with controls (Cox et al., 1987). Similarly, injection of insulU:i in primiparous sows 
during the postweaning period increased subsequent litter size (Ramirez et al. , 1994). In 
contrast, Johnston et al. (1989) reported no effect of exogenous insulin on interval to 
postweaning estrus in primiparous sows that were restricted-fed during lactation. Kirkwood 
and Thacker (1991) found no effect of insulin injections during the postweaning period on 
reproductive performance of multiparous sows. In each of these studies, researchers used 
long-acting insulin administered once daily to increase insulin concentration in blood of sows. 
In experiments yielding negative results, this approach may not have developed the appropriate 
insulin concentrations to enhance reproductive performance. 

DIETARY MOLASSES 

Manipulation of circulating insulin concentrations with diet may be more successful than 
injections of insulin. Researchers in Mexico (Rodriquez-Marquez and Cuaron, 1990) fed gilts 
diets containing 0 or 50% cane molasses on an isocaloric, isonitrogenous basis during an 
entire estrous cycle. Dietary molasses significantly increased the number of corpora lutea 
observed at slaughter immediately after mating. A similar experiment was conducted with 
sows that received diets containing 0 or 50% cane molasses during the postweaning period. A 
non-significant numerical increase in subsequent litter size was observed in sows fed molasses 
compared with controls (11.4 vs 10.5 piglets/litter). In both experiments, molasses-fed 
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females exhibited higher insulin concentration in blood compared with control females 
(Rodriquez-Marquez and Cuaron, personal communication). 

Previous research iii our group has demonstrated an inverse relationship between blood insulin 
concentration of lactating sows and length of the postweaning interval to estrus (Tokach et al., 
1992). Our swine nutrition group at the University of Minnesota wondered if we could use 
dietary molasses during lactation to increase insulin levels in blood and hasten return to 
postweaning estrus in sows that would otherwise be slow to express postweaning estrus. One 
hundred-eighty, mixed parity, maternal-line sows were used in this experiment conducted at 
the Southern Experiment Station in Waseca, MN. A 2 x 2 factorial arrangement of treatments 
was used with main effects of feed intake (H, 14 Meal ME/d, 43 g lysine/d or L, 7 Meal 
ME/d, 21 g lysine/d) and dietary cane molasses (C, 03 or M, 403 ). Dietary feeding levels 
were designed to create moderate and severe weight loss during lactation so as to create a 
prolonged postweaning interval to estrus. 

The two feeding levels were successful in creating varying degrees of body weight loss in 
sows (Table 3). Sows fed L lost more weight and backfat and displayed a longer postweaning · 
interval to estrus than sows fed H. Unfortunately, inclusion of 403 dietary molasses did not 
hasten but further delayed the return to estrus postweaning. Litter size at subsequent · 
farrowing was recorded for a subset of sows. Total number of pigs born per litter at 
subsequent farrowing was not influenced by dietary treatments (HC, 11.7; HM, 11.7; LC, 
115; LM, 12.4). 

TABLE 3. INFLUENCE OF DIET ARY MOLASSES DURING LACTATION ON 
REPRODUCTIVE PERFORMANCE OF SOWSa 

Item HC HM LC LM MSE 
No. of sows 47 45 48 40, 
Sow wt. loss, kgb 30.1 33.8 .50.7 50.2 88:4 
Sow backfat loss, mmb 5.9 6.3 7.7 7.1 5.4 
Pigs weaned/litter 10.4 10.6 10.3 10.6 .7 . b 

60.2 59.1 54.2 51.8 40.9 21.,ct litter wt., kg 
Litter wt. gain, kg/db 1.98 . 1.92 1.69 1.61 .. 06 
Interval to estrus, dbc 5.6.: 7.0 . 7.9::, .8;2.' 3.1 
Estrous sows by d 15 
postweaning, 3 89 91 88 '72 
aJohnston et al.' 1994 
!>peed intake effect (P < .01). 
cMolasses effect (P < .02). 

These negative data may be explained by a failure of dietary molasses to influence serum 
insulin concentrations. Serum insulin concentration was measured in 9 sows/treatment on days 
2 and 9 of lactation. A single blood sample was collected after a 12-hour fast. Dietary_ 
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molasses did no~ .significantly affect serum ins1:1lin concentration (day 2, 15.0 vs 12;8 uIU/ml; 
day 9, 8.3 vs 5.1 uIU/ml) in sows fed control or molasses diets,_respectively. -

Two issues concerning interpretation of this data must be considered. First, did molasses 
influence serum insulin concentration? The limited amount of blood sampling suggests dietary 
molasses had no effect on serum insulin concentration. However, our samples were collected · 
during a post-absorptive period. Therefore, blood samples provided a snapshot of basal · 
insulin concentrations. These samples provide rio information regarding effects of dietary 
molasse~ on insulin concentrations during ~e meal-induced peak of insulin concentration. 
Dietary molasses could have influenced insulin levels undetected by our sampling procedures 
in the immediate postprandial. period .. Secondly, assuming for a moment that dietary molasses 
elicited an undetected increase in serum insulin, the period of molasses feeding may have been 
too long. Sows may have adjusted metabolically to the elevated serum insulin by the end of 
lactation such that insulin concentration in blood had no influence on the hormonal cascade of 
events necessary to initiate estrus postweaning. Possibly a shorter feeding period would be 
more effective. , 

CHROMIUM 

Chromium plays an, importancrole in whole body metabolism as the active agent in the 
Glucose Tolerance Factor. Chromium potentiates the action of insulin making tissues more 
sensitive to insulin (White et al., 1993). Recently, supplemental dietary chromium in the form .. 
of chromium tripicolinate has been shown to improve carcass leanness of finishing pigs (Page 
et al .. 1993; Lindeman et al., 1993) These recent findings have focused attention on a ~ 

potential role for chromium in practical swine diets. 

Chromium may play an important role in reproducing sows through its ability to make tissues 
more sensitive to insulin. Increased concentration of insulin in blood seems to be related to 
improved reproductive function in sows. One may hypothesize that chromium could improve 
reproductive performance assuming_ that increased sensitivity to insulin elicits a response in 
insulin sensitive tissues similar to increased insulin concentration in blood. 

Effects of dietary chromium on reproductive performance of sows have not been studied 
extensively. Recently, Lindemann et al. (1994) conducted an experiment in which chromium 
picolinate was supplemented to diets for gilts. Three dietary treatments were imposed: 
Treatment 1 - no supplemental chromium throughout the growing/finishing phase or the 
reproductive cycle; Treatment 2 - 200 ppb Cr throughout the growing/finishing phase and the 
reproductive cycle; and Treatment 3 - 500 or 1,000 ppb Cr throughout the growing/finishing 
phase and 0 ppb Cr during the reproductive cycle. Initially, eleven gilts were assigned to each 
treatment and the experiment continued through the sows' first two reproductive cycles (i.e. 2 
lactations). 

Chromium supplementation at 200 ppb during the growing/finishing phase and reproductive 
cycle increased litter size in excess of two pigs per litter for supplemented sows compared with 
non-supplemented control sows (Table 4). Litter weight on day 21 of lactation was 
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significantly greater for supplemented compared w~th non-supplemented sows. No differences 
in feed intake or weight loss of sows during lactation were noted. 

One may speculate that the sensitivity of tissues to insulin was improved in.chromium 
supplemented sows resulting in improved reproductive performance. However, these authors 
did not report data concerning insulin sensitivity of tissues in supplemented vs non
supplemented sows. 

TABLE 4. EFFECT OF DIETARY CHROMIUM FROM CHROMIUM PICOLINATE ON 
REPRODUCTIVE PERFORMANCE OF SOWSa 

Tl T2 T3 
Grow /finish. Cr, ppb 0 200 500 or 1000 P value 

Item Reproductive cycle Cr, ppb 0 200 0 Overall Tl vs T2 
Observations 17 21 21 
Litter size: 

Total born 9.6 11.8 10.5 .09 .03 
Live born 8.9 11.2 10.1 .07 .02 
Day 21· 8.2 10.3 9.3 .09 .03 

Litter weight, kg: .. ; 

Total born 13.8 17.0 15.8 .06 .02 
Live born 12.9 16.3 15.2 .03 ... .01 
Day 21 45.5 55.3 55.1 .07 .04 

aLindemann et al., 1994. --·-~ 

~epresents sows over two lactations; 11 sows per treannent. 

These data are exciting. The large magnitude of response and the limited number of sows 
involved in the experiment should res~ain temptations to make broad generalizations 
~oncerning chromium supplementation of sow diets. Certainly these data provide preliminary 
results which will encourage researchers to delve deeper into the practicality of supplementing 
sow diets with chromium. 

SUMMARY 

Many exciting concepts have been advanced recently in the area of sow nutrition. As 
researchers gain a more thorough understanding of the metabolic processes occurring in a 
reproducing sow, we will learn new ways of formulating diets that will capture an increasingly 
greater portion of the sow's potential to produce pigs. 
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Introduction 

IDEAL PROTEIN FOR PIGS 

D. H Baker 
Department of Animal Sciences and Division of 

Nutritional Sciences, University of fllinois 
Urbana, IL 61801 

' , 

. The pig can be likened to a machine whose purpose is to convert poorly palatable; 
plant-source foodstuffs to highly palatable and nutritious animal-source protein. Pig 
meat has a high protein quality and is rich in several important micronutrients, including 
. zinc, iron and B-vitamins. An important goal in pig research is to make this machine as 
efficient as possible w~ile at the same time minimizing its efflux waste products. 

Protein is a costly item in pig diets, so maximizing the efficiency of protein/ amino 
acid utilization is very important. How can one maximize lean meat production with the 
absolute minimum intake of amino acids? Clearly, diets containing amino acids at 
minimally required levels (for maximal lean growth) with minimal excesses, is a critically 
important factor. Using chemically defined diets containing amino acids as the sole 
sou~ce of dietary nitrogen has allowed us to suggest that, with a near perfect amino acid 
balance, a 15-kg pig is capable of converting 87% of its absorbed nitrogen above 
maintenance to carcass protein (Chung and Baker, 1992a). This does not mean, .. 
however, that each of the 23 amino acids found in dietary protein are utilized at 87%~ 
efficiency for protein accretion. Indeed, some amino acids are used more efficiently than 
others, and understanding the rationale for this "differential" efficiency is important in 
applying the concept of an ideal protein to practical pig production (Baker and Chung, 
1992). 

Ideal Protein 

· Theoretically, an ideal pattern of amino acids should exist for each physiological 
function, but clearly, the ideal pattern will be different for each function, i.e., 
maintenance, protein accretion, reproduction and lactation. For meat production, amino 
acid requirements can be separated into that required for protein accretion and that 
required for maintenance. Moughan (1989) and Fuller (1991) described maintenance as 
comprising 1) urinary excretion of unmodified amino acids, 2) use of amino acids as 
precursors for other essential body metabolites ( eg., creatine from arginine and glycine; 
taurine and glutathione from cysteine, or indirectly from methionine; thyroxin, melanin 
and catecholamines from tyrosine, or indirectly from phenylalanine; serotonin from 
tryptophan; nucleic acids and choline from glycine or serine; carnitine from trimethyl 
lysine; nitrous oxide and polyamines from arginine; camosine from histidine), 3) amino 
acids lost from integuments and epidermal structures, 4) obligatory oxidation of amino 
acids, and 5) amino acids lost from gastrointestinal epithelia (mucous, mucosa! cells, 
digestive enzymes). 
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Of the total requirement for a given amino add, protein accretion comprises well 
over 90% of the need for pigs weighing 10 kg, but as pigs approach slaughter weight, 
maintenance assumes greater prominence in the total requirement for an amino acid 
(Fuller et al., 1989; Black and Davies, 1991; Chung and Baker, 1992b, 1992c). Thus, 
while the ideal ratio of sulfur amino acids (SM i.e., methionine + cystine) to lysine is 
60% for 10-kg pigs (Chung and Baker, 1992a) the ideal ratio for the maintenance 
component of that requirement is 136% (Fuller et al., 1989). Indeed, in every species 
where requirements for maintenance have been specifically studied, including studies 
with humans, the SAA requirement has exceeded the lysine requirement (Baker and ·" 
Han, 1993). With an increasing contribution from maintenance as an animal grows 
toward slaughter weight, the ratio of 'SAA:lysine must increase, probably in a straight-line 
fashion, as a groWing pig advances from 10 kg to· 100 kg. · · 

. Based upon research with pigs in the weight category 10 to 20 kg; we have proposed 
a new ideal pattern of amino acids (Chung and Baker, 1992a; Baker and Chung, 1992). 
For the amino acids that are potentially limiting for pigs (i.e., lysine, sulfur amino acids, 
threonine and tryptophan) our ratios (to lysine) are not greatly different from those 
proposed most recently by Wang and Fuller (1990), although we feel Wang and Fuller's 
( 1989) original estimate for tryptophan (18%) is more nearly correct while their .revised 
estimate (Wang and Fuller, 1990) of 20% is too high. The principal difference between 
our "Illinois Ideal Protein" and that proposed by Wang·and Fuller ·(1989, 1990) lies in 
levels of amino acids that ate less likely to be limiting in practical-type diets. Thus, the 
Rowett group did not include estimates for arginine and histidine, and their levels of . . 
leucine, valine and aromatic amino acids are considerably higher than we feel are 
necessary. 

. ' 
Table 1. Ideal Pattern of Indispensable Amino Acids for Pigs 

in Three Separate Weight Categories1 

Ideal Patterns (% of l~sine) 
Amino acid 5 to 20 kg 20 to 50 kg 

Lysine 100 100-
Threonine 65 67 
Tryptophan _ 17 18 
Methionine 30 30 
Cystine 30· 32 
Methionine + Cystine 60 ,·· 62 -· ·. 
Isoleucine 60 - 60 
Valine· 68 68 
Leu cine 100 .. 100· 
Phenylalanine + Tyrosine 95 -1 95. 
Arginine · 42. -36 
Histidine 32 32 

50 to 100 kg 

100 
70 

. 19 
. ' ' 30· 

35 
65 
60 
68 

100 
95 
30 
32 

3From Baker and Chung (1990a) and Baker (1993); ratios are expressed on a true 
digestible basis. 
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Because the maintenance requirement for lysine is low relative to maintenance 
requirements for certain other amino acids ( eg., threonine and cystine ), ideal ratios of 
amino acids fo~ young weanling pigs (5 to 20 kg)· cannot be applied without adjustment 
to older market-type pigs. Our calculations have led to projections of ideal ratios of 
amino ·.acids for three separate weight categories of pigs (Table 1) .. 

' ~ ~ I 

Because of the complexities cited above for SM mista,kes are often made in 
fortifying diets with methionine. An example may help to clarify the confusion: If a diet , 
for 100 kg pigs contains 0.60% bioavailable lysine, and this is assumed to be the desired 
lysine requirement for the pigs in question, the diet should also contain 0.39% 
bioavailable SAA (Chung et al., 1989; Chung and Baker, 1992a) consisting of 0.18% 
methionine (30% of lysine). and 0.21 % cystine- (35% of lysine). Lets suppose the diet, in 
fact, contains only 0.16% methionine and 0.17% cystine. The required level of DL
methionine supplementation is .0.07% of the diet and not ·o.06% (i:e., 0.39% - 0.33% ). 
Thus, to correct the methionine deficiency of 0.02% requires 0.02% methionine, but to 
correct the cystine deficiency of 0.04% requires 0.05% methimtine (0.04 + 0.8). If the 
hydroxy analog of methionine is used to provide 0.07% methionine activity, 0.08% is 
needed, assuming the manufacturer's activity value of 88% is correct for pigs (Chung and 
Baker, 1992e). · 

· In still another SAA dietary scenario, again for 100-kg pigs being fed a diet with 
0.60% bioavailable lysine, let's suppose the d,iet, in fact, c9nta~ns 0.16% bioavailable . 
methionine and 0.23% bioavailable cystine. Although total SAA in this diet total te 
0.39%, the desired level for 100 kg pigs (65% of 0.60 = 0.39%), the diet still requires. 
fortification with 0.02% methionine to make it adequate in. useful SAA. Hence, iI1 this·"~ . 
case ·the excess cystine (i.e., 0.02%) is worthless as a source of SAA, becaus~_.cy_st_ine 
cannot be converted to methionine. 

" 
" 

· At first glance, one might assume that a ratio of .digestible tryptophan to digestible. 
lysine of 19% for finishing pigs (Table 1) will result in more usage of supplemental · 
tryptophan, which will in turn cause more usage of synthetic lysine. Thus, in U.S. pig 
production involving simple corn-soybean meal diets, it is generally assumed that for: 
every two percentage units that dietary protein is lowered (by decreasing soybean meal 
at the expense of corn), 0.15% additional crystalline lysine .is needed. However, after the 
first incremental lowering by two percentage units, additional lowering of crude protein 
requires not only more lysine, but also requires supplemental tryptophan and threonine. 
Because ~oybean meal is rich in tryptophan as well as lysine (tryptophan:lysine ratio = 
22% ), least-cost -formulation schemes call for more soybean meal rather than less. Thus, 
at 1993 prices, the tryptophan in soybean meal is considerably less expensive than 
crystalline tryptophan. As a result, a likely scenario is that no supplemental tryptophan, 
and less instead of more crystalline lysine, will be used in the final least-cost ration. 

As evidenced by the tryptophan example described above, least-cost diet 
formulation on an ideal pr,otein basis can be influenced significantly by the ratios used. 
Recent work by Burgoon et al. (1992) and our recent tryptophan work with 15-kg pigs 
could be interpreted as suggesting that 17% of the digestible lysine as tryptophan is just 
as effective for young pigs as higher ratios (Han et al., 1993). The point being made 
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here is that whether one uses 17 ... 18 ... 19%, or instead, higher ratios (Fuller, 1991) for 
a tryptophan:lysine ratio, -can have profound effects on diet formulation and, in 
particular, on quantities as well as sources of both lysine and tryptophan that go into 
finished pig feeds. Interestingly, the situation could be quite. different for barley /wheat
soybean meal diets such as those used outside the U.S. Threonine and lysine are the 
important amino acids in these diets, and threonine unlike tryptophan is not abundant in 
soybean meal (nor in barley or wheat, either). Thus, the threonine:lysine ratio in 
soybean meal is 64% which is lower than that prescribed in ideal protein. 

Use of Ideal Protein fo Formulate Diets 

Whether using total or digestible lysine requirement data; one can accurately 
. formulate pig diets. Clearly, ·controversy surrounds the topic of digestibility, i.e., whether 

to use apparent, true or· "real" digestibility values, or whether ''bioavailability" (growth 
assay) values should be used for some ingredients like cottonseed meal. With corn
soybean meal diets, the question is not real important because true digestibility values 
for the key amino acids (lysine, threonine, tryptophan and SAA) are about the same. 
Thus, using either digestible lysine or total lysine as a base, results in similar ratios and 
therefore in similar predicted requirements. 

What really confuses accurate requirement predictions for amino acids other than 
lysine is use of unrealistic requirement values for lysine. There has been a tendency for 
some to assume lysine requirement values for finishing pigs that are higher than they ., 
really are. Thus, with either cheap lysine or cheap soybean meal it is not uncommon for 
dietary levels .of lysine to increase. , If excess (or "safety factor") lysine levels are fed,\>n.~. 
should ratio threonine, SAA and tryptophan to the "real" lysine requirement, not to the · 
excess dietary lysine level, in calculating dietary ratios of threonine, SAA and tryptophan. 
If such ratios fall below 70, 65 and 19%, respectively, for finishing pigs (Table 1), then 
supplementation with one or more of these amino acids (or with more soybean meal) is 
necessary. 

Realistic Lysine Requirements for Finishing Pigs 

We have recently been working on digestible and total lysine requirements of 
finishing barrows and gilts during two growth periods, 50 to 95 kg and 95 to 110 kg 
(Hahn and Baker, 1994). The pigs we have used are of PIC line 26 x Camborough 15 
breeding. At a kill weight of 110 kg, these pigs typically have 10th-rib loin-eye areas of 
40 cm2 (barrows) and 43 cm2 (gilts) with 10th-rib fat depths of 2.5 ·cm (barrows) and 2.1 
cm (gilts). Using a determined lysine digestibility of 85% in a corn-soybean meal diet, 
we have translated our determined digestible lysine requirements'to total lysine 
requirements (Table 2). Requirements for threonine methionine :+ cystine and 
tryptophan were estimated by multiplying ideal ratios (70, 65, 19%) x the lysine 
requirement. The requirements for these amino acids are generally met when a 14.5% 
CP com-soybean meal diet is fed during early finishing and when a 13.5% CP diet is fed 
during late finishing (Biehl, Hahn and Baker, 1994, unpublished data). Moreover, within 
a given genetic line, we feel that stress-related-decreases in voluntary feed 
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intake probably do not result in increased amino acid requirements expressed as a 
percentage of the diet (or calories). 

Amino acid 

Lysine 
Threonine 
Met+ Cys 
Tryptophan 

Table 2. University of Illinois Requirements (% of Diet) 
for Key Amino Acids in Finishing Pigs1 

50 to 90 kg 90 to 110 kg Ideal 
ratio Barrow Gilt Barrow Gilt 

100 
70 
65 
19 

0.68 
0.48 
0.44 
0.13 

0.75 
0.53 
0.49 
0.14 

0.58 
0.41 
0.38 
0.11 

0.61 
0.43 
0.40 
0.12 

1For PIC pigs consuming com-soybean meal diets containing 3,500 kcal ME/kg . 
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IMPACT OF IMMUNE SYSTEM ACTIVATION ON GROWTH 
AND NUTRIENT NEEDS OF PIGS" 

Tim Stahly, Ph.D. 
Professor of Animal Science 

Iowa State University 
Ames, IA 50011 

Exposure of animals to substances foreign to the body can result in severe alteration in normal 
body function up to the point that death occurs. These substances, called antigens, include bacteria, 
viruses, pesticides, soy proteins. Fortunately, animals possess an elaborate system, called the immune 
system, that functions to contain or destroy such. antigens before life-threatening changes occur. The 
general response of the immune system to an antigen is initiated by a release of a series of compoilnds 
called cytokines. Interleukins and tumor necrosis factor are two example cytokines. In turn, cytokine 
release activates the cellular (i.e. phagocytic) and humoral (i.e. antibody) components of_.the immune 
system. Cytokine release also alters various metabolic processes in the body. Voluntary feed intake 
is lowered. Core body temperature and body heat production are increased. Tissue growth rates, 
particularly skeletal muscle, are depressed. Overall, body protein synthesis is reduced, and more body 
proteins are degraded as part of the body's defense to fight the invading antigens. These metabolic 
adjustments result in a reduced rate of body growth, less efficient utilization of feed for gro~ and 
potentially fatter carcasses. .~ 

In recent years, management technologies have been developed and implemented in the pork 
in·dustry that minimize the pig's exposure to antigens and/or the biological susceptibility of pigs to 
antigens. Examples of these technologies include all-in-all-out production, off-site nurseries and growth 
units, medicated-early-weaning programs and depopulation-repopulation programs. 

At our research station, we have initiated studies to determine the impact of minimizing the 
activation of the pig's immune system on the rate, efficiency and composition of growth as well as 

.dietary nutrient needs of the animals.· Two management schemes for the sow and pig have been utilized 
to achieve animals with a low and high level of immune system activation. A medicated-early-weaning 
scheme has been utilized to create animals with a low level of immune activation. In this scheme, the 
pigs' dams are vaccinated for the prevalent antigens (Mycoplasma hyopneumonia, Actinobacillus 
pleuropneumoniae) in the herd and the neonatal pigs receive injectable antimicrobial agents at d 1, 3, 
5, 8 and 11 of age. The pigs are weaned at 10 to 14 days of age into an off-site nursery isolated from 
other pigs. A conventional weaning scheme has been utilized to create animals with a high level of 
immune activation. In this scheme, the pigs' dams are not vaccinated nor do the pigs receive 
antimicrobial agents preweaning. The pigs are weaned at 19 to 21 days of age into an on-site nursery 
previously occupied with pigs. Sows and pigs utilized in both schemes have been derived from the 
same genetic line and geographic site of origin. In each immune status group, pigs received milk diets 
to day 19 of age. 

"Portions of the text presented at Pork Summit '94 in Orlando, Florida on April 27-28, 1994. 
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At 19 days of age, pigs in each immune status group are allowed to consume a fortified com
soy-20% dried whey-5% skim milk mixture ad libitum. Pig weights and feed consumption are 
determined at four-day intervals until the pigs reach ~bout 60 pounds body weight. Pigs in the low IS 
group consume more feed, grow faster and require less feed per unit of gain than those in the high IS 
group (Table 1 ). Furthermore, pigs in the low IS group deposit more proteinaceous body tissue and 
produce carcasses with less body fat relative to proteinaceous tissue. · 

Table 1. Impact of level of immune system activation on rate, efficiency and composition of 
growth in pigs. a 

"Adapted from Williams et al. (1993a,b). Iowa State University. 

The low IS groups exhibit superior animal performance-at-each stage of the pig's growth from 
13 to 60 pounds body weight (Figure 1 ). Pigs in the low IS group achieve daily gains up to two pounds 
per day when they reach 50 to 55 days of age. 

' ~ 

244 

I 
I 
I 

I 
L 



--
.-

l 

j 

\ ,. 
-~---------- ---·----- - -~---::---~=·--'--·--

l(a) 

l(b) 

l(c) 

3.2 

2.8 

2.4 

2.0 

1.6 

1.2 

0.1 

2.0 

1.8 

1.6 

1.4 

1.2 

1.0 

FEED INTAKE, LB/DAY 

16 23 30 37 44 51 58 

Pig Body Weight, lb 

BODY WEIGHT GAIN, LB/DAY 

16 23 30 37 44 51 58 

Pig Body Weight, lb 

FEED/GAIN 

Low IS 

;· 

16 23 30 37 44 51 58 

Pig Body Weight, lb 

:ii. 

.. 
:,,;.":~ 

' .;._J 

Figure 1. Daily feed intakes (la), body weight gains (lb) and feed/gain ratios (le) of pigs with a 
low and high level of immune system (IS) activation. Responses of pigs during four-day periods 
when the mean pig body weight averaged 16, 23, 30, 37, 44, 51 and 58 pounds are reported. 
Adapted from Williams et al. (1993). 
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In subsequent studies, the impact of minimizing the activation of the pig's immune system on 
growth, particularly muscle growth, from 13 to 245 pounds body weight has been quantified. Again, 
minimizing antigen exposure and thus immune system activation throughout the pig's development 
resulted in higher feed intakes, greater body weight gains, more body muscle development and less feed 
required per pound of growth (Table 2). 

Table 2. Impact of level of immune system activation on rate, efficiency and composition of 
growth in pigs from 13 to 245 pounds body weight.• 

IS Status 

Item Low High Change 

Growth and feed utilization 
Days to market 126 161 -35 
F eed/mkt pig, lb 641 733 -92 

Carcass traits 
Backfat tenth rib, in 1.12 1.32 -.20 
L. dorsi area, in2 5.92 5.08 +.84 
Estimated muscle, % 56.5 52.9 -· +3.6 

"Adapted from Williams et al. (1994) and unpublished data, Iowa State University. 

However, the intakes of dietary nutrients, particularly amino . acids, need to be incre~ed to 
support the elevated rat~s of the body growth in the low immune status pigs. In the study outlined 
above, pigs in each immune status group were allotted to one of five dietary amino acid regimen~:. 
From 13 to 60 pounds, body weight, diets formulated to contain .60, .90, 1.20, 1.50 and 1.80% lysine' 
were fed. From 60 to 245 pounds, these lysine levels were dropped to .45, .60, . 75, .90 and 1.05%, 
respectively. The dietary lysine levels were achieved by altering the ratio of com and soybean meal 
in the diets. The responses of the low and high IS pigs to the dietary amino acid regimens are shown 
in Table 3. 

The dietary amino acid concentrations needed to optimize pig performance was dependent on 
the immune status of the pigs. From 13 to 60 pounds, the 1.50% lysine diet was required to optimize 
the rate and efficiency of growth in the low immune status pigs compared with the 1.2% diet for the 
high immune status group. Similarly, higher dietary amino acid concentrations were needed to optimize 
performance of the low IS pigs fed from 60 to 245 pounds. Over this stage of development, the .75% 
and .60% lysine diets optimized rate and efficiency of gain in the low and high immune status pigs, 
respectively. Similarly, a higher dietary lysine sequence, 1.50 - .90% versus 1.2 - .75% was needed to 
optimize carcass leanness in the low vs high immune status pigs. 
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Table 3. Impact of level of immune system activation on the dietary lysine needs of pigs 
from 13 to 245 pounds body weight.• 

Dietary Lysine, %b 

IS Pig Wt.: .60 .90 1.20 1.50 1.80 
Criteria Status lb ,· '.45 .60 .75 .90 1.05 

Growth and feed utilization 
Daily feed, lb , Low 13 to 60 2.44 2.31 2.18 2.16 2.18 

60 to 245 5.48 5.96.- 5.46 5.43 5.43 

.i 
High 13 to 60 1.87 2.05 2.00 1.89 1.94 

60 to-240 4.31 5.54 5.39 5.24 5.17 

Daily gain, lb Low 13 to 60 1.04 1.27 1.44 1.49 1.38 
60 to 240 1.44 1.94 2.03 2.00 2.13 

High 13 to 60 .79 '-1.05 . l.17 1.05 1.09 
60 to 245 1.12 1.74 1.74 ' 1.71 1.55' 

.· 
Feed/gain Low 13 to 60 2.35 1.82 1.52 1.44 1.58 I j: 

60 to 245 3.86 3.05 2.69 2.68 2.88 
~I ' 

'I 

High 13 to 60 2.39 1.94 1. 71 1.81 ,~.77· 

60 to 245 3.55 3.17 3.14 3.24 3.3~ 
.. ~~ 

Carcass traits 
~ackfat, in Low 13 to 245 1.44 1.37 1.12 .99 1.14 

I : 

High 13 to 245 1.33 1.40 1.23 1.22 1.24 '1 I 
' f 

" I 

L. dorsi area, in2 
,: !: 

Low 13 to 245 3.83 5.13 5.49. 5.97 5.50 I 

High 13 to 245 3.60 4.77 '' 5.04 4.99 5.08 

Est. muscle, %c Low 13 to 245 48.5 51.7 54.9' 57.0 56.2 
High• 13 to 245 48,8 50.7 '52.3 52.5 52.4 

"Adapted from Willia111s et al. (1994). , 

bDietary lysine concentrations were lowered when the pigs reached 60 pounds body weight. 
<Estimated muscle calculated based on hot carcass weight, L. dorsi area and backfat at tenth rib. 

Pig weights and feed consumption were determined at 7-day intervals to determine the optimum 
dietary lysine content at each stage of the pig's development. The dietary lysine concentrations needed 
to optimize efficiency of feed utilization in the two immune status groups from 15 to 240 pounds are 
outlined in Figure 2. 
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Figure 2. Dietary lysine concentrations needed to optimize efficiency of feed utilization for 
specific increments of body development in pigs with a low or high immune system activation. 
Data ~erived from barrows -with a moderate genetic capacity for lean tissue growth that are 
housed in a thermoneutral climate and allowed to consume a corn-soybean-25% whey diet and 
corn-soy diet ad libitum from 13 to 60 and 60 to 245 pounds body weight, respectively ... 

These data illustrate the enormous potential of pigs to deposit muscle tissue rapidly and 
effi~iehtly when the animal's exposure to antigens is minimized. Furthermore, it demonstrates•the 
importance of matching dietary regimens with the health status of the pigs being fed. 
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INTERACTIONS BETWEEN NUTRITION AND IMMUNITY 

KIRK C. KLASING · 
DEPARTMENT OF AVIAN SCIENCES 
UNIVERSITY OF CALIFORNIA, DA VIS 

The academic fields of nutrition and immunology are traditionally not an area of 
fertile cross-fertilization. Most producers rely on nutritional expertise from feed companies or 
consulting nutritionists. These individuals are trained in physiology and biochemistry, usually 
at a College of Agriculture, to handle feed formulation. Veterinarians, trained at Veterinary 
Colleges in disease diagnosis and treatment, are employed to handle flock health. Often the 
relationship between these pro_fessionals is less than amicable and cooperation is modest. 
Nevertheless, there are extremely important interactions, synergisms and antagonisms between 
these areas of poultry husbandry that markedly effect the bottom line. Interactions take place 

-in 2 prominent ways. First, nutrition can impact the immunocompetence of the bird and thus 
its disease resistance. Conversely, immune responses due to infectious challenges impact 
growth, metabolism and nutrient requirements. 
, Within these two general areas of interactions, the situation becomes complex: due to 
ttie myriad of potential infectious organisms, the complexity of the immune response and the 
large number of required nutrients. Obviously, research has not detailed appropriate nutrition 
for each of the 40-plus required nutrients to maximize resistance against the dozen or so ~ 
primary poultry pathogens. My goal is to demonstrate the general principles by which these , ., 
interactions take place and provide examples that are of practical importance. Hopefully, this' ---.~ 
information will <;:onvince you of the need for closer cooperation between the Nutrition and 
Veterinary Professionals in order to maximize flock performance and minimize feed costs. 

IMPACT OF AN IMMUNE RESPONSE ON GROWTH AND NUTRITION 
When a potential pathogen gains entrance into the body, it elicits several responses 

-from the immune system. Some of the responses are very specific for_the antigens on that 
pathogen and are mediated mostly by lymphocytes. These acquired responses include cell 
mediated and humoral immunity. Other response are not specific for a particular pathogen and 
are mediated mostly by macrophages, monocytes and heterophils. These are the inflammatory 
and acute phase responses. It is this latter response that has the largest impact on growth and 
nutrition related physiology of the bird. 

When monocytes and macrophages recognize foreign organisms, they release 
hormone-like factors called cytokines that orchestrate metabolic changes that underlie the 
classic acute-phase symptoms of anorexia, lethargy, fever, increased blood white cell co.unts, 
muscle and bone aches (TABLE 1). These metabolic changes impair growth, deposition of 
skeletal muscle and impact nutrient requirements (Klasing and Johnstone, 1991; Klasing et al., 
1987; 1991 ). It is important to note that it is the responding immune system that mediates 
these changes. Thus, these symptoms are common to any infectious challenge that evokes 
phagocytic cells and is referred to as immunologic stress. The intensity of the stress response 
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is proportional to the intensity of the challenge. The duration of the response is dependent on 
length of time it takes th~ immune system to eliminate the challenging organisms. Each 
disease organism has its own pathology which modifies the generic response. If there is 
tissue destruction, such as occurs to the villi of the intestine with coccidiosis, it will affect 
absorption of nutrients. If a pathogen settles in the liver it will affect hepatic functions. 
Many pathogens have their own sets of toxins with associated pathology. Consequently, the 
total impact of an infectious challenge on metabolism and nutrition is the sum of generalized 
effects of the immune system responding to :the presence of the pathogen and 'specific effects 
due to the pathogen itself . 

. "_I .r 

Table 1. Overlapping roles of leukocytic cytokines in the regulation .of metabolism1 
. 

Response Cytokines Responsible 
General· . 

decreased voluntary food intake 
increased resting energy expenditure 
increased body temperature 

Glucose metabolism 
increased glucose oxidation 
increased gluconeogenesis . 

Lipid metabolism 
decreased lipoprotein lipase activity 
increased lipolysis in adipocytes 
increased hepatic triglyceride synthesis 

Protein metabolism 
increased acute phase protein synthesis 
increased muscle protein degradation 

Mineral metabolism 
increased metallothionein synthesis 
increased hepatic ceruloplasmin synthesis 

Hormone release 

IL-1, TNF 
. IL-1, TNF 

IL-1, IL-6, IF 

. IL-1, TNF 
IL-1 

IL-1, TNF, IF 
IL-1, TNF 
TNF 

IL-1~ TNF, IL-6 
IL-1 

IL-6 
IL-1, IL-6 

increased corticosteroid release IL-1, IL-6 
decreased thyroxin release IL-1 
increased insulin and glucagon release IL-I; TNF 

1 Abbreviations: IL-1: interleukin- I; TNF: tumor necrosis factor; · 
IL-6: interleukin-6; IF: interferon. 

Immunologic stress and growth. We've developed an experimental paradigm to examine the 
impact of generalized immunologic stress on the growth and nutrient requirements of young 
chicks (fable 2). Healthy, specific pathogen free chicks are given a ch;;tllenge with either dead 
Staphylococcus aureus in large amounts to simulate an infection or with Salmonella 
typhimurium cell wall components (lipopolysaccharide; LPS). Injections are given on alternate 
days for a week. These immuriogens were chosen so that the animal's genetic susceptibility 

254 

I 
I 
I 
I 
I 
I 
L 



. does not produce large variability (standard deviations) in the response, permitting 
detennination of changes in nutrient requirements. 

Table 2. Impact of Immunologic Stress on Performance of Broiler Chicks. 

Treatment Gain (g/d) Feed (g/d) Efficiency Peet. (%) 

Control 48 ± 3 75 ± 3 .64 ± .01 22.6 ± 1 

S. aureus 

s .. ryph. 

E.coli LPS 

45 ± 3 

39 ± 4 

41±2 

76 ± 2 

68 ± 2 

70 ± 3 

.59 ± .02 

.57 ± .02 

.58 ± .02 

19.3 ± 2 

18.5 ± 1 

18.7 ± 2 

Another expenmental paradigm that we have used is to grow broilers in an 
environment with either a high state of sanitation (clean, frequently changed litter, filtered air 
to keep out dust and dander) or a very low level of sanitation (manure build-up, lower rate of 
air turnover resulting in more dust and dander, etc.) .. Weight gain, feed efficiency and edible 
product are significantly reduced in birds from tl.le low level sanitation (Roura et al., 1991 ). 
The growth patterns of the animals in these two situations are quite different. In the clean 
environment, we usually see a very steady growth rate.·· In the dirty environment, the growth 
curve is marked by a series of dips, periods during which growth slowed down, follo~ed by 
periods of accelerated, compensatory growth. Over time, the growth curves of birds in the 
clean and those in the dirty environment diverge (Table 3). We try to keep the environmef}tS 
specific pathogen free with no identifiable infectious disease. We think that a series of non
pathogenic challenges are occurring in the dirty environment, causing the immune system to , 
be engaged slowing the growth rate. As soon as the immune response has taken care of the · -"-.~ 
problem, compensatory growth occurs. 

Table 3. Influence of environmental sanitation on broiler chicks. 

Treatment Gain Feed Efficiency IL-1 
glchickld gain/feed units 

Clean 12.653 0.663
:, 0.21 3 

Unsanitary 12. lOb 
Clean +Ab 12.723 

Unsanitary + Ab 
Pooled SEM 

0.54b 

0.673 

12.573 

0.14 0.02 

0.49b 

0.223 

0.633 

0.03 
0.293 

64 chicks were raised for .14 days (from 3 to 17 days of age) in each of the two different 
environments (clean or dirty) and fed diets either without antibiotic or with Streptomycin (100 
mg/kg) and Penicillin (100 mg/kg). 

Immunologic stress and nutrition. Modulation of nutrient requirements due to an infectious 
challenge can be broken into at least 2 components: Those changes during the challenge when 
growth is slowed and the immune_ system is responding vigorously, and those changes that 
occur following elimination of the challenging organism when pathologic insults are repaired 
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: and growth is accelerate. Thus, in the normal bird we feed for normal growth (NRC · · 
requirements), in the infected _bird we feed for the immune response, and in the convalescing 
bird we feed for accelerated growth. There is a surfeit of information on nutrition in the 
healthy bird and a paucity of information on the immunolo'gically stressed bird and the 
convalescing bird. .· 

Because the most deleterious aspect of immunologic stress on growth is due to 
decreased feed intake, manipulations of the nutrient density of the diet would appear prudent. 
Increasing the energy density of a ration while keeping required nutrients at a constant per 
cent of the energy improves' energy intake and the rate of gain of immunologically-stressed 
chicks (Benson et al., 1993). Conversely, the negative impact of immunologic stress on 
intake and rate of gaJ.n is more evident at lower dietary energ'y densities. ingredients 
containing high levels of fat, especially those high in n-6 fatty acids should not be used to 
increase energy density, as they are not well tolerated during an immune response. 

The requirement for lysine .and methionine is decreased during immunologic stress, 
probably as a result of slower growth rates and decreased skeletal muscle accretion (Klasing 
~d Barnes, 1988). Following the disease process, the compensatory. growth induces an 
increase in amino acid requirements. In practice, if only one diet is to be fed, the amino acid 
fortification that supports maximal growth across the different physiological states ma'y be 
greater than that commonly recommended. Though additional amino acid.fortification may be 
necessary to support intermittent periods of compensatory growth, this may not always. be a 
least cost level because there is a surfeit of amino acids during periods when birds are "' 
actually being challenged and when they are healthy. The ·excess amino acids will be. 
deaminated and used for energy during parts of the- growing period. ;~ 

Quantitative changes in the requirement of trace minerals as the result of immunologic 
stress have not been subjected to detailed study in poultry but can be surmised from known 
changes in metabolism, absorption and excretion (Klasing, 1988; 1993). Low circulating 
levels. of iron and zinc are an integral part of the immune response and do not, in themselves, 
indicate higher requirements. The increase in hepatic zinc during an infectious stress can be 
over four times that required to account for lost plasma zinc. Likewise, the increased use of 
Mn and Cu for acute phase protein synthesis indicates a several-fold increase in the 

. requirement at the tissue level. This increased tissue requirement is.met largely by a 
redistribution within the body. Increased fortification of trace mineral's over the requirement 
of non-stressed animals does not augment these redistributions. Preventing the decrease in 

. circulating zinc or iron concentrations by very high dietary levels impairs immunity. 
Increased excretion .of zinc and copper and decreased absorption of iron indicate a net loss of 
mineral during the immune response. Thus, an increase in the requirement for trace minerals 
is indicated following an infectious challenge. -

Considerable interest has been expressed in the optimum form of trace mineral 
supplementation. Various forms of chelated, complexed or proteinated trace mineral 
supplements command higher prices than organic forms of the same mineral, due in part to 

. presumed advantages during stress. The goal of trace mineral supplementation should be to 
provide a readily available form that can be absorbed and give replete storage pools prior to 
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the time that stress is encountered. Good storage pools of the trace mineral will buff er the 
losses due to stress and facilitate the heightened (compensatory) tissue accretion that-follows 
stress. The form of the trace mineral should not alter the normal redistribution of trace 
minerals that accompanies infection or stress. This is especially true for iron and zinc, 
because the lower circulating levels have protective value for the animal. Tuft and Nockels 
(1991) have shown that feeding EDTA increases the deposition of iron in tissues of chicks 
and increases their plasma levels. This predisposes the chicks to increased mortality after 'a 
challenge with E. coli, presumably by m¢ng iron more available for the replication and 

. virulence of the pathogen. 
The nutritional modifications discussed· abov.e represent best guesses to maximize gain 

and feed efficiency during a generalized immune response. Additionally, each specific 
disease state, because of it's unique pathology, will result in additional changes in the optimal 

· diet. In the case of especially pathogenic disease organisms, it is not always true that diets 
· that give maximal gain and feed efficiency during the course of an infectious challenge result 

in maximal livability and minimal condemnation losses. 

EFFECT OF NUTRITION ON IMMUNITY '"• 
I'. 

It is well documented that severe, chronic deficiencies of most nutrients and even 
marginal deficiencies of several nutrients impinge on the immune response. This is not 
surprising given the high rate of cell division and the large ensemble of cofactors for e~zyme 
that are needed to elicit an immune response .. Fortunately, severe deficiencies of nutrients ~e 
rarely seen in modem poultry production due to the scientific formulation of diets. From a · · --~~ 
practical point of view, several nutrients can markedly modulate immune responses when 
dietary levels are varied over ranges that are well above those required to_ meet the NRC . 
requirement (Cook, 1991; Tsiagbe et al., 1987). Probably the best example of this situation is 
the role of essential and semi-essential dietary fatty acids in cellular communication, 
membrane fluidity and second messenger elaboration (Hwang, 1989). Fatty acids of the n-3 
and n-6 series are major constituents of most poultry feeds in variable proportions. After 
consumption, these fatty acids are either incorporated directly into membranes or they are 
elongated and further desaturated prior to incorporation into _membranes. In most pr~ctical 
diets, the primary n-6 fatty acid is linoleic acid. A portion of linoleic acid is metabolized to 
arachidonic acid prior to incorporation into membranes. Ultimately the balance of n-6 series 
and n-3 series polyunsaturated fatty acids in the phospholipid fraction of leukocytes is 
proportional to the dietary content. The n-6 fatty acids are precursors for eicosanoids, such as 
the prostaglandins thromboxanes and leukotrienes. Because the amount and speed with which . 
eicosanoids are produced is related to membrane concentration of '1.fachidonic acid, eicosanoid 
metabolism is related to dietary _levels of n-6 fatty acids. The concentration of n-3 fatty acids 
modify the rate at which arachidonic acid is converted to eicosanoids. High levels of 
membrane n:..3 fatty acids inhibit eicosanoid synthesis. Presumably the ratio of n-3 to n-6 . 
fatty. acids determines the rate of eicosanoid production in leukocytes and accessory cells, 
providing an immunoregulatory climate. This interpretation is probably an over simplification 
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since these two fatty acid classes also detennine membrane fluidity, receptor binding activities 
and participate in second messenger generation, complicating the overall picture. Further 
complicating the picture is the fact that the various prostaglandins andleukotrienes have 
stimulatory and inhibitory roles in regulation of immune functions. 

Immunomodulatory aspects of dietary fatty acids can'be easily demonstrated by 
feeding studies. A diet containing menhaden fish oil, which is high in n-3 fatty acids, results 
in macrophages which ate hyporesponsive to interferon-Y as a promotor of tumor cell killing 
and have impaired eicosanoid production. Conversely, feeding safflower oil, which is high in 
n-6 fatty acids, results in full responsiveness of macrophages to interferon-Y and augmented 
production of eicosanoids .. The in. vitro. release. of interl~ukin- I bioactivity by macrophages 
from chicks fed high levels of n-6 fatty acids is markedly increased compared to chicks fed 
diets. high in n-3 fatty acids. The augmented release of interleukin- I due to feeding n-6 fatty 
acids is accompanied by greater release of prostaglandin. Ei· In growing leghorn chicks, 
feeding dietary n-3 fatty acids enhances the antibody response of chicks to SRBC 
vaccinations but suppress rates of lymphocyte .mi to genesis after mi to gen stimulation (Fritsche, 
I991). Practical feed ingredients high in n-6 fatty acids include com, vegetable oils, 
restaurant grease and poultry fat Fish fat, fish meal and linseed oil are the major dietary 
source of n-3 fatty acids. Lard and tallow are not particularly rich sources of either of the 
immunoregulatory fatty acids. 

Research in laboratory rodents demonstrate that other nutrients have immunoregulatory 
roles within the range of dietary levels commonly fed. These include arginine, vitamin C~ 
vitamin D (in the I,25 configuration), vitamin E and vitamin A. Poultry are also fed high .. 
levels of xanthophylls to provide appropriate pigmentation. Although xanthophylls are not ~-",~ 
dietary essential, they appear to have positive immunomodulatory properties in rodents. 
Xanthophylls, vitamin C and vitamin E appear to ex·ert at least some of their positive effects 
by serving as antioxidants and maintaining the stability of leukocyte membranes in the face of 
high levels of reactive oxygen intermediates at inflammatory sites. Research is needed to 

ascertain the irnmunomodulatory role of these nutrients in poultry. . ..... . 

Immunomodulation by meal frequency. Leukocytes have receptors for many of the 
hormones involved in homeostasis. The nutritionally responsive hormones insulin, glucagon, 
corticosterone, ·growth hom:ione, insulin like growth factor-I, thyroxin and th~. catecholamines 
regulate the activity of immune cells. Presumably, a diet-induced change in the relative 
concentration of these hormones can impact leukocytes ·during the critical early-phase of the 
immune response when cells recognize antigen, commit to cell cycling, cytokine production 
arid· initiation of the immune response. Meal frequency and diet composition are often varied 
in poultry production to accomplish various management aims. Short periods of feed 
deprivation enhance both cellular and humoral immunity in leghorn chicks as would be 
predicted from the accompanying high levels of glucagon and growth hormone and low levels 
of insulin (Klasing, I988). Conversely, over consumption of feed impairs immuiloglobulin 
production and delayed type hypersensitivity. Over-consumption results in a high insulin to 
glucagon ratio which presumably mediates this effect. Prolonged periods of starvation (greater 



than 48 hrs) results in greatly elevated conicosterone levels and impairs both cellular and 
humoral immune responses. It is apparent that nutritionists interested in maximizing 
irnrnunocompetence should concern themselves with the pattern of feeding as well as the 
nutritional content of the diet. The detrimental impact of a sudden increase in ·consumption 

. demonstrates the need for caution when making dietary or management changes that result in 
sudden changes in feed intake. These relationships also illustrate the need to coordinate feed 
management with vaccination schedules. 
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APPLICATION OF AMINO ACID DIGESTIBILITY IN FEED FORMULATION 

INTRODUCTION 

Carl M. Parsons 
Department of Animal Sciences 

University of Illinois 
Urbana, IL 61801 

Phone: (217) 333-8774 
Fax: (217) 333-7861 

Energy and protein or· amino acids are the two most expensive nutrients in commercial poultry, 
, feeds. The importance of considering energy and amino acid availability in commercial feed 

formulation is well known. It is well established that the amounts of available energy or amino acids · 
in most feedstuffs are substantially less than the total amounts contained in the feedstuffs. Although 
poultry and swine diets have been formulated based on metabolizable energy for decades. the use of 
availability or digestibility of amino acids in feed formulation has been limited. Interest in amino acid 
availability or digestibility has increased greatly in recent years. This has been largely due to the 
development of more rapid digestibility assays or improvement of existing assays that have permitted 
more research to be conducted on amino acid digestibility. Consequently, the National Research 
Council (1988) publication on Nutrient Requirements of Swine contains a table on amino acid 
digestibility coefficients for many feedstuffs and the new corresponding NRC (1994) publication for 
poultry also contains a table of amino acid digestibility coefficients. This paper will review and 
compare feedstuff amino acid digestibility values for poultry and swine and will discuss the appliattion 
of amino acid digestibility in feed formulation. A discussion of amino acid digestibility versus 
availability will also be presented. 

Amino Acid Di2:estibility Values for Poultry and Swine 

A summary of digestibility values for 10 feedstuffs determined in poultry and swine is shown 
in Table 1. Amino acid digestibility values for poultry were determined via the precision-fed cockerel~ 
assay (Sibbald. 1986) using primarily cecectomized birds and the swine values were determined using 
ileal-cannulated pigs. Both procedures were used to minimize the effects of the hindgut bacteria on 
amino acid excretion. The poultry values are true digestibility values (endogenous correction) and the 
swine values are apparent digestibility values. 

Average lysine and methionine digestibility values for poultry were about 5% higher than 
swine values. This difference was probably due mainly to poultry values being expressed as true 
digestibility. However, threonine digestibility values for swine averaged more than 10% lower than 
poultry values. This difference would seem to be greater than that expected for true versus apparent 
digestibility values. 
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'(able 1. Digestibilities of Selected Amino Acids 

in 10 Feedstuffs for Poultry and Swine1 

L:tsine Methionine Threonine 
Feedstuff Poultry :Swine Poaj.try. Swine Poultry Swine 

Com 82 80 91 89 84 73 
Barley 78 73 81 82 77 70 
Sorghum 78 80 89 85 82 73 
Wheat 81 80 87 85 '83 74 
Soybean meal · 90 85 91 88 87 74 
Canola meal 80. 75 90 $4 78 67 
Cottonseed meal 67 65 73 70 71 63 
Sunflower meal 84 72 94, . 84 86 71 
Fish meal 89 80. 92 84 89 76 
Meat and bone meal .79. ·64 ·85 .. 73 79 56 

Mean 81 75 87 82 82 70 
•' 

1Poultry values are true digestibility mainly from cecectomized adult cockerels and derived 
primarily from Parsons (1994; unpublished data), Sibbald (1986) and (Green (1987) and swine values 
are apparent digestibility from ileal-carmulated pigs (National Research Coµncil, 1988). 411 

In comparing poultry versus swine values among ingredients, the lysine and methionine 
digestibility values were generally similar between species for the grains and the oilseed meals except 
for sunflower meal. Digestibility values for the animal meals, fish meal and meat and bone meal, 
were substantially lower for swine than poultry. Overall, this comparison of data suggests that amino 
acid digestibility values for feed ingredients may be somewhat lower for swine than poultry, especially 
for threonine. Similar results were obtained by Harrison et al. (1990). However, the latter study · 
indicated that the difference between true digestibility for poultry and apparent digestibility for pigs 
was consistent across ingredients and that swine digestibility data could be accurately predicted from 
potiltry digestibility data and vice versa. 

A more detailed summary of amino acid digestibility values for poultry is presented in Table 2. 
Digestibility values were reasonably consistent among grainS butwere much lower and highly variable 
in bakery meals. Digestibility of amino acids in com gluten meal were much higher than in com 
gluten feed. Digestibility of amino acids were generally higher in soybean and sunflower meals than 
in canola meal. The animal protein meals varied in digestibility and cystine digestibility was 
particularly low and variable these ingredients. Digestibility varied among amino acids within 
ingredients, with digestibility of lysine and cystine generally being lower than methionine and 
threonine. 
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Table 2. True Amino Acid Digestibility Coefficients for Feedstuffs' 

Lysine Methionine · Cystine Threonine 
Feedstuff Mean SD Mean SD Mean SD Mean SD 

Com (30)2 82 6 90 4 84 9 84 9 
Sorghum (20) 78 8 89 5 83 IO 82 8 
Barley (23) 78 8 81 IO 82 9 77 5 
Wheat (24) 81 7 87 4 87 6 83 5 
Bakery meal (11) 60 15 84 7 74 12 67 15 
Soybean meal (I08) 90 3 91 4 81 7 87 4 
Canola meal (49) 80 6 90 4 75 8 78 5-
Sunflower meal (15) . 84 7 94 5 78 9 86 .6 
Com gluten feed (15) 72 6 .84 4 65 7 75 6 
Com gluten meal ( 16) 88 4 97 •»-.: 1 86 4 92 2 
Fish meal (46) 89 4 92 3 72 11 . 89 5 
Meat meal (66) 79 8 85 6 58 14 79 .g 

Poultry by-product (58) 80 6 86 6 61 12 ]-9 6 
Feather meal (34) 66 8 75 8 59 9 73 ·5 

'Data derived primarily from Parsons (1994; unpublished data), Sibbald (1986) and Green 
(1987). -Iii 

2Numbers in parentheses= nwnber of samples tested. - ~ 
,.·~~-~ 

Effect of Overprocessing Oilseed Meals on Amino Acid Digestibility 

The results discussed above indicate variation in amino acid digestibility among feed ingredients 
and among samples of the same ingredient, particularly for heat processed ones. One reason for the 
latter is improper processing, particularly overheating, of feedstuffs. The amino acid most affected is 
usually lysine because of its susceptibility to Maillard browning reactions. Overcooking of the oilseed 

_meals, soybean meal, canola meal and sunflower meal, caused a large decrease in lysine digestibility 
for poultry (Parsons et al., 1992; Anderson-Haferman et al., 1993; Zhang et al., 1994). This reduction 
was due both to decreased analyzed lysine (destruction) and reduced digestibility of the lysine 
remaining after heating. These observations suggest that both early and advanced Maillard reaction 
products were formed. The effects of overprocessing on digestibility of other amino acids in the 
oilseed meals were much less than those observed for lysine. Protein solubility in KOH was shown to 
be a sensitive index of overprocessing of oilseed meals. In addition, recent research indicates that 
Coomassie Blue dye can be used to simplify and decrease the time required for the KOH assay to 30 
min or less (Fernandez et al., 1993). 
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Application of Digestibility Values in Feed Formulation 
Theoretically, fonnulation of diets on an availability or digestibility basis should be superior to 

fonnulation on a total 'amino acid basis. However, few studies have evaluated the latter and the results 
of three such studies are presented in Table 3 .. 

PeJfonnance of chicks was depressed when soybean meal or feather meal was substituted for 
crystalline amino acids in diets containing equal levels of total amino acids (Smith, 1968). Similar 
results were observed when sWlflower or rapeseed meal were substituted for soybean meal in practical 
diets (Green, 1986). Fonnulation of these diets on an equal digestible amino acid basis resulted in 
much improved perfonilance that often was similar to perfonnance obtained from the control or 
reference diets. 

we' have recently evaluated diets containing increasing .levels of cottonseed meal when 
·formulated on a total versus a digestible amino acid basis. Diets containing 15% or more cottonseed 
meal on a total amino acid basis depressed perfonnance (Table 3). When the cottonseed meal diets 
were fonnulated to be equal to the com-soybean meal reference diet in digestible amino acids, 
however, at least 20% cottonseed meal could be fed with no adverse effects on peJfonnance. Diets 
containing 30 or 40% cottonseed meal depressed perfonnance even when fonnulated on an equal 
digestible amino acid basis. In the latter case, supplementation of the 40% cottonseed meal diet with 
additional amino acids (10 to 15% of the requirements; Treatment 8) had no positive effect on 
perfonnance. This observation suggests that the adverse effects of the high cottonseed meal diet were 
due to some factor(s) other than amino acid deficiencies. The results of these studies demonstrate the 
advantagesof fonnulating diets on a digestible amino acid basis. · · _. 

Table 3. Growth Perfonna,nce of Chicks Fed Diets Based on Total 
or Available/Digestible Amino Acid (AA) Concentrations 

Dietary Treaunent Weight Gain (g) Gain/Feed • 

Smith (1968): . 
1. .. Complete crystalline AA reference diet 89 0.72 
2. . As 1 + 10% soybean meal-equal total AA basis1 70 0.67 
3. As 1 + 7% feather meal-equal total AA basis1 60 0.60 
4. As 1 + 10% soybean meal-equal avail. AA basis1 91 0.74 
5 . As 1 + 7% feather meal-equal avail. AA basis1 84 0.69 

. Gr:een (1986): 

. }. Com:soybean meal diet-equal digest AA basis 837 0.459· 
2. Com:sunflower meal diet-equal total AA basis 761 0.435 
3. Com:rapeseed meal diet-equal total AA basis 602 0.373 
4. Com:soybean meal diet equal digest AA basis2 863 0.474 
5. Com:sunflower meal diet-equal digest. AA basis2 871 0:500 
6 . Com:rapeseed meal diet-equal digest. AA2 

• 769 OA44 

Fernandez and Parsons (unpublished data): 
1. Com-soybean meal reference diet 27.1 0.656 
2. As I + 15% cottonseed meal - equal total AA 267 0.648 
3. · As I + 20% cottonseed meal - equal total AA 252 0.615 
4. . As 1 + 15% cottonseed meal - equal digest AA 275 0.663 
5. As I + 20% cottonseed meal - equal digest AA 272 0.655 
6. As 1 + 30% cottonseed meal - equal digest AA 247 0.635 
7. As I + 40% cottonseed meal - equal digest AA 236 0.617 
8. As 7 + amino acids 229 0.626. 

1Total or available AA equal to the reference diet. Availability detennined by chick growth 
assay. 

2Diet was supplemented with lysine. 
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Is Amino Acid Digestibiiity an Accurate Indicator of Amino Acid Availability? 

The results discussed above clearly show that fotmulatihg diets 'on an available or digestible_ 
amino· acid basis is superior to formulating on a total amino acid basis .. However, there is still co,ncem 
that digestibility values may not accurately predict the amounts of feedstuff amino acids actually · 
available for utilization by animals. As defined by Batterham (1992), availability refers to the 
proportion of total amino acid that is digested and absorbed in a form suitable for protein synthesis. 
The two terms, digestibility and availability, are often considered synonymous. However, it is possible 
for amino acids to be digested and absorbed in forms that are not available for utilization. Examples . 
are early·.Maillard reaction products of amino acids, particularly lysine, that are formed during heating 
of feedstuffs. Theoretically, digestibility could overestimate availability in the latter situation. 

Digestibility is determined via balance assays, whereas availability is usually determined by 
slope-ratio growth assay. Dn Batterham 's group in New South Wales, Australia has conducted 
extensive research on comparison of digestibility versus availability values for lysine in feedstuffs for 
swine. The lysine digestibility and availability values were in good agreement for a few ingredients 
such as soybean meal and field peas (fable 4). In most cases, however, availability values were lower 
than digestibility values, with the difference being very great for cottonseed meal and overcooked field 
peas. Based on these experiments, Batterham (1992) concluded that digestibility was similar to 
availability for high quality feedstuffs but that digestibility overestimated availability for poor quality 
ingredients, especially heat-damaged ones. 

Feedstuff · 

Soybean meal 
Cottonseed meal 
Meat meal 
Field peas · 
Overcooked field peas 

Table 4. Comparison of Digestibility and· Availability 
of Lysine (%) in Feedstuffs for Swine1 

Digestibility 

89 
66 
78 
96 
84 

A vailabft.ity 

, . 
... "::~ 

90 
29 
68 
92 
47 

1Digestibility determined using ileal cannulated pigs and availability determined using slope-ratio 
assays (Batterham, 1992; 1993). 

Dr. Batterham 's group then conducted further sttidies to evaluate availability versus digestibility 
by measuring growth performance of pigs fed diets formulated to be equal in ileal digestible amino 
acid conten~ (fable_ 5). Diets were formulated from different ingredients to an equal apparent ileal 
digestible lysine, threonine or methionine content (Batterham, 1992). The utilization of the ileal 
digestible amino acid was then determined from growth and retention of the amino acids in the carcass 
of the pigs. The diets were formulated to be deficient only in the amino acid of interest and the test 
ingredients were the sole source of dietary protein. The hypothesis for the study was that if all of the 
ileal digestible amino acid in the diet was in a form suitable for protein synthesis (i.e., available), then 
the growth and retention of ileal digestible amino _acid should be similar among the diets. However, 
the growth and efficiency of lysine, threonine or methionine retention for pigs fed the cottonseed meal 
and meat meal diets were much lower than those for pigs fed the soybean meal diet This difference 
was not observed for the branched-chain amino acids. These results suggest that a considerable 
proportion of some ileal digestible amino acids in cottonseed meal and meat meal was absorbed in a 
form(s) that was inefficiently utilized by the pig. Consequently, it seems that the ileal digestibility 
assay overestimated amino acid availability in cottonseed and meat meal. 
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We have recently conducted work in our laboratory at the University of Illinois to evaluate 
digestibility versus availability of lysine and valine in soybean meal and cottonseed meal for poultry. 
Digestibility was determined in adult cecectomized cockerels and availability was determined by chick 
growth assay using a chemically-defined crystalline amino acid diet. Two levels of crystalline lysine 
(.125 and .25%) or three levels of soybean meal or cottonseed meal were added to the lysine-deficient 
basal diet to produce linear growth responses. In addition, three levels an amino ac.id mixture 
simulating the amino acid composition of soybean and cottonseed meal were added to the basal diet. 
for comparison. The results for weight gain indicated that the digestible lysine in soybean meal was 
totally available whereas the digestible lysine in cottonseed meal was only 89% available (Table 6). 
However, the results for feed efficiency and carcass lysine retention indicated the digestible lysine in 
both soybean and cottonseed meal was completely available. It was interesting that the lysine in the 
amino acid mixtures simulating soybean and cottonseed meal was estimated to be less available than 
the lysine in the intact feed ingredients. Thus, in contrast to the work with swine, our results indicate 
that amino acid digestibility is an accurate indicator of amino acid availability ~or poultry. 

·Table 5. Growth and Utilization of Amino Acids by Pigs Fed 
Diets Equal in lleal Digestible Amino.acid Content1 

· 

Response 

Expt. I: Lysine 

Gain (g/d) 
Lys retained:ileal digest 

Lys intake 

Expt. 2: 11lreonine 

Gai.il (g/d) 
11lr retained:ileal digest. 

11lr intake 

Expt.3: Methionine 

Gain (g/d) 
Merretained:ileal digest 

Met intake 

1From Batterham (1992). 

Dietary Protein Source 
Cottonseed meal Meat Meal 

377 
0.36 

417 
0.44 

411 
0.38 
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492 
0.60 

452 
0.59 

441 
0.45 

'! 

Soybean meal 

541 -II> 

0.75 

524 
0.64 

496 
0.45 
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Table 6. Availability (%) of the Digestible 
Lysine in Soybean and Cottonseed Meals for Chicks12 

Ingredient 

Soybean meal 
Soybean meal AA mixture3 

Cottonseed meal 
Cottonseed meal AA mixture3 

Weight 
Gain 

1From Fernandez and Parsons (1994). 

Response Parameter 
Feed 

Efficiency 

112 
109 
110 
108 

Carcass Lys 
Retention 

2Availability expressed as a percentage of crystalline lysine supplemented alone. 

3Crystalline amino acid mixture simulating the digestible amino acid profile of soybean or 
cottonseed meal. 

·~eans within a column having no common superscripts differ (P < .05). 
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IDEAL PROTEIN FOR BROILER CHICKS 

David H. Baker and Y anming Han 
· Department of Animal Sciences and 

Division of Nutritional Sciences 
University of Illinois, Urbana, IL 61801 

Large broiler producers are making several diet changes during the 6 to 8-week 
grower period. Also, some have recognized that female broilers have substantially lower 
requirements for amino acids than male chicks during the first 3 weeks posthatching. 

· Clearly, solid requirement data are not available for most amino acids, particularly 
during the growth period beyond 21 days of age. It therefore makes sense to use the 
large body of literature to set ideal ratios of each essential amino acid to lysine rather 
than to worry about specific requirements. Thus, if the ideal ratio of digestible threonine 
to digestible lysine is 67% for birds from hatching to 21 days posthatching, this ratio 
would hold (a) for both males and females, (b) for diets that are either high or low in 
ME or crude protein, (c) for strains with both high or low lean growth potential, and (d) 
for all environmental conditions. The same cannot be said for the threonine 
requirement. Indeed, the digestible threonine requirement (% of ME) would be·higher 
for males than for females, and higher at high levels of crude protein than at lower levels 
of crude protein. ' 

Why Use Lysine as a Reference Amino Acid 

In the practical setting, sulfur amino acid (SAA), lysine, threonine, valine and 
arginine are the only amino acids that are of potential practical importance for broiler 
production (Han et al., 1992). In a com..:SBM scenario, SBM contributes at least 80% of 
the total dietary amino acids, while com contributes less than 20%. Our recent work . 
with com and SBM (Fernandez et al, 1993) has shown that the order of amino acid 
limitation in SBM is SAA (1), threonine (2), lysine and valine (3) and amino nitrogen 
(4); in com the order of limitation is lysine (1), threonine (2), tryptophan (3) and valine, 
isoleucine and arginine ( 4 ). · 

Among the essential· amino acids, lysine is a dear choice to be the reference 
amino acid -- for the following reasons: 

(1) Following SAA, lysine is the second-limiting amino acid in broiler 
diets. It is also economically feasible as a dietary supplement. 

(2) Unlike SAA, analysis o.f lysine in feedstuffs is straightforward.· 

(3) . Unlike SAA, lysine has only one function in the body, i.e., protein 
accretion. 

( 4) There is a good body of information on the lysine requirement of 
. birds under a variety of dietary, environmental, and body 

compositional circumstances. 
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Illinois Ideal Chick Protein (IICP) 

For over 30 years, work has been ongoing at the University of Illinois on proper 
amino acid ratios for broiler chicks. Thus, hoth requirement ratios and slope ratios · 
(amino acid intake regressed on body weight .gain) have provided a good basis for setting 
ideal ratios (to lysine) of essential amino acids. Most of this work, however, has been 
done with chicks between hatching and 21 days posthatching. Clearly, ideal ratios of 
some amino acids (SAA, threonine, tryptophan). will have to be somewhat higher for late 
growth (21 to 42 days) than for early growth -- because ideal ratios of these amino acids. 
to lysine are higher for maintenance than for the total requirement (protein accretion + 
maintenance). Thus, while maintenance as a percentage of the total requirement is very 
small (probably 3 to 8%) for young birds, it increases as birds advance in age and weight. 

Based upon calculations, we have estimated ideal amino acid ratios for both early 
and late growth of broilers (Table 1). We have also translated these into projected -
amino acid requirements for each growth phase. Obviously, the digestible lysine · 
requirement is very important, because it is now the basis for setting requirements for all 
the other essential amino acids. The digestible lysine requirement for early growth is · 
based upon the work of Han and Baker (1991, 1993). For the 3 to 6 week growt.h · 
period, the lysine requirement of Ross x Ross broiler chicks was found -to be .89% of the . 
diet (ME = 3,200 kcal/kg) for males and .84% of the diet for females (Han and Baker, 
1994 ). Assessment of breast yield indicated that the lysine level required to maximize 
this parameter was similar to that required to_ maximize feed efficiency. 

We have recently compared our Illinois Ideal Protein (IICP) for the early growth~_ 
period (0 to 3 weeks) to the profile listed in the NRC (1984) and NRC (1994) - ~ 
requirement booklets (Baker and Han, 1994). This work verified that IICP is a superior. 
profile in that gain per unit of indispensable amino acid nitrogen was higher than that 
observed for the NRC-84 or NRC-94 amino acid profiles. Based upon these · 
comparisons, however, we have made slight modification in IICP (histidine and leucine) 
compared with that presented in our 1992 review paper on ideal protein for broilers 
(Baker et al., 1992). , 

Does voluntary feed intake and weight-gain potential affect the lysine 
requirement? Not necessarily. In our 1991 study (Han and Baker, 1991) we compared a 
slow growing broiler strain (New Hampshire x Columbian) with a fast growing broiler 
strain (Hubbard x Hubbard). The fast growing strain ate twice as much feed as the slow 
growing strain during the 2nd and 3rd week of life. They also gained twice as fast. The 
lysine requirement, however, expressed as a percent of the diet was identical. Hence, the 
fast growing strain required twice as much lysine in absolute amounts, but it met this 
need by consuming more feed. The key to predicting whether different broiler strains 
have different amino acid requirements lies in body composition. And in the above 
comparison, protein gain as a percent of total weight gain was 16.9%. If, however, a 
given broiler strain has more protein and less fat in its weight gain than some other 
strain, then the leaner bird will have higher amino acid requirements. Thus, the lysine 
requirement of very lean male chicks might be higher than .89% during the 3 to 6 week 
period, and all the other amino acid requirements would be higher as well. Also, male 

270 

i 
i 

l 



chicks have higher amino acid requirements than female chicks - because they have more 
protein and less fat in their whole-body weight gain (Han and Baker, 1991; 1993). The 
advantag~ of using the concept of ideal protein is that ideal ratios would remain the 
same for birds of all genetic potential, although requirements would differ. 

Heat stress is another condition that can affect voluntary feed intake. In our 1993 
study (Han and Baker), heat-stressed birds (37 ° C) ate 22% less feed than birds housed 
in a comfortable environment (24 • C), but there was little evidence that heat stress 
impacted the lysine requirement expressed as a percent of diet. 
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TABLE 1. Digestible Amino Acid Requirements of Broiler Chickens 

., Ideal Ideal 
Ratio1 ReQuirement (0-21 da~s) · Ratio1 ReQuirement (21-42 da~s} 

Amino Acid (0-21 d) _,. Male Female (21-42 d) Male Female 

(%of diet) (% of diet) 

Lysine2 100 1.12 1.02 100 .89 .84 
Met+ Cys 72 .81 .74 75 .67 .63 

Methionine 36 .405 .37 37 .33 .31 
Cystine 36 .405 .37 38 .34 .32 

Arginine 105 1.18 1.07 - 105 .93 .88 
Valine 77 .86 .79 77 .69 .65 
Threonine 67 .75 .68 70 .62 ; .59 
Tryptophan 16 .18 .16 17 .15 .14 
Isoleucine 67 .75 . .68 67 .60 .56 
Histidine 32 .36 .33 32 .28 .27 
Pbe + Tyr 105' 1.18 1.07 105 .93 •.88 
Leu cine 109 1.22 1.11 109 .97 .. ·~~ 

. ' 
11dehl ratios are expressed as percentages of _digestible lysine . 

2The lysine requirements of male and female broilers were taken from the data of Han and 
Baker (1993) for the period 0 to 21 days posthatching; the lysine requirement for the 21 to 42-day 
period was obtained from recent unpublished research from our laboratory (Han and Baker, 1994). 
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INTRODUCTION 

STOCHASTIC NONLINEAR PROGRAMMING: 
A NEW GENERATION OF FEED FORMULATION 

W.B. Roqsh, Ph.D. 
Department of Poultry Science 

Penn State University 

Every process has variation. The more finely tuned the process, 
the less deviation there is from the average. 

-Edward Deming 

The purpose of commercial feed formulation is to balance the nutrients in ingredients to meet 
the nutritional requirements of animals at least cost. Several mathematical methods have been 
proposed to accomplish this task including Pearson's square, simultaneous equations, matrix 
algebra, and linear programming. .. 

With increased emphasis on quality control, nutritionists recognize, there is risk associated _with 
the variability of nutrients. An approach to control the risk for rations formulated with linear .. 

. programming is the subtraction or addition of a margin of safety from or to the nutriem level. 
More recently the nutrient adjustment has been refined with stochastic nonlinear programming 
(also known as chance-constrained programming). Although feed formulation by stochastic -.~ 
nonlinear programming was recommended over 30 years ago (Van De Panne and Popp, 1963), 
it has not been until recently that efficient computer software and hardware has been available 
for commercial use (D'Alfonso, et al.,,l992a, b, 1993; Roush, 1993; Roush, et al., 1994). 

WHAT IS STOCHASTIC NONLINEAR PROGRAMMING? 

, . 
_Stochastic comes from the Greek word o-roxao-rn:o~ (meaning "skillful at aiming"). In 
modern terms, stochastic has become a statistical word referring to variables which are random 
or uncertain. F.or feed formulation, stochastic refers to the variability of nutrients and the 
probability of meeting the nutrient requirement. 

. '.:' 

The· term nonlinear refers to the nonlinear nature of nutrient variability. Statistical variance is 
nonlinear in that it is the square of the standard_deviation. That is, 

variance = (standard deviation)2
• 

Stochastic nonlinear programming is, therefore, a method of feed formulation which can use 
nutrient variability to meet animal requirements with measured certainty. 
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HOW DO RATIONS FORMULATED BY STOCHASTIC NONLINEAR PROGRAMMING 
COMPARE WITH LINEAR PROGRAMMING? 

J 

Table 1 shows the comparison of several linear and stochastic nonlinear programming 
approaches to formulating rations. The respective rations were formulated for 23 % protein 
based on the mean, standard deviation, and margin of safety adjustments shown in Table 2. 

The first ration (LP50) in Table 1 was formulated for 23 % protein by linear programming 
b(!.Sed on mean nutrient levels of the ingredients without a margin of safety adjustment. A 
linear program without adjustments gives a 50 % probability that the nutrient will meet the 
requested requirement. That is, 50 % of the time the requirement will be met and 50 % of the 
time the requirement will not be met. The calculated probability equals the requested 
probability. 

Most feed manufacturers want to minimize the risk of not meeting the nutrient requirements of 
the animal. To minimize risk, nutrient and requirement adjustments have been proposed for 
the linear program to compensate for the uncertainty of the level of nutrients. Nott and Combs 
(1967) and Shutze and Benoff (1981) have suggested a margin of safety adjustment of a • 
fraction of the standard deviation· of the nutrient mean. They suggested an adjustment of .5 (or 
112) of the standard deviation from the nutrient mean would insure the nutrient mean would be , 
met 69 % or more of the time. Table 3 shows the standard normal deviate values that are 
associated with other choices of probability levels. 

In Table 1, LP69 was formulated to meet the protein at a requested level of 23 % with a· 
certainty of 69% or greater of the time. The level of probability was calculated (Chung and 
Pfost, 1964; Duncan, 1988) for the ration. While the requested level was 69%, the calculated. 
level was 80 % which is an 11 % over formulation of the requested probability level. An 
example for calculating the probability of meeting a nutrient level is shown in Appendix A. 

Many nutritionists prefer to adjust the requirement on the right hand side of the linear program 
equation. Rahman and Bender (1971) suggested that the requirement could be modified by a 
requested normal standard deviate. A common method to make the requirement adjustment is 
to increase the requirement by a certain percentage. For example, LPRHS, in Table 1, is a 
ration in which the requirement for protein was increased by 105 % . That is, a 5 % increase in 
the requirement was made to insure that the requirement is met. However, this arbitrary 
amount of insurance comes with a cost. The calculated amount of protein is 24.15 % with a 
ration cost of $180.21/ton which is the highest cost ration in the table. 

Nutrient and requirement adjustments of the linear program ~e unsatisfactory from quality 
control and economic points of view. In both methods, the resulting nutrient level is over 
formulated with an accompanying increase in the cost of the ration. In addition, the adjustment 
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Table 1. Comparisons of rations formulated by linear and stoch~tic nonlinear programming. I 

Ingredients LP50 LP69 LPRHS SP50 SP69 

Cqrn 59.33 . 57.91 55.81 59.33 58.46 

Soybean meal 22.35 23.55 25.35 22.35 23.09 

Blended fat 4.38 4.60 4.92 4.38 4.52 

Corn Gluten Meal 3.00 3.00 3.00 3.00 3.00 

M~t and Bone meal 10.00 10.00 10.00 10.00 10.00 

Dicalcium Phosphate .35 .35 .35 .35 .35 

Salt .25 .25 .25 .25 .25 

Vitaminrfrace mineral .25 .25 .25 .25 .25 
lTIIX 

DL-Methionine 0.09 0.08 0.07 0.09 0.08 

Cost.$/ron 177.69 178.70 180.21 177.69 I_.78. 31 

Printout Protein, 3 2 23.00 23.00 24.15 23.00 23~28 
- ~ ...... 

Calculated Protein, 3 3 23.00 23.46 24.15 23.00 23.28 

Req. Prob., 3 4 50 69 ----------- 50 69 I 
I 
l·f. 

Cale.· Prob., 3 5 50 80 98 50 69 
1: 

1 LP50- Linear program with a requested probability of 50 3 to meet the protein requirement. 
LP69- Linear program with a requested probability of 693 to meet the protein requirement. 

. I 

LPRHS- Linear program with the requirement on the right hand side (RHS) increased by ( 

' \ 

1053. -· 
SP50 -Stochastic nonlinear program with a requested probability of 503 to meet the protein 

requirement. 
SP69 -Stochastic nonlinear program with a requested probability of 693 to meet the protein i 

' 

requirement. I: 

2Printout protein 3 is the value shown on the computer printout sheet. It is based on the nutrient ' i 
I 

values in the program database. 1-

~ 3Calculated protein 3 is based on the mean value of the nutrient. 

4 Requested probability for meeting _the nutrient (protein) requirement. 
5Probability based on nutrient variability and ingredient fraction in the ration(See Appendix A). 
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Table 2. Statistical values for protein in ingredients. . ' 

Ingredient Mean Standard Deviation · Margin of Safety1 

Corn 8.7 

~. Soybean meal 48.8 

Corn gluten meal 65.2 

Meat and Bone meal 49.3 

DL-Methionine 58.6 

.8 

.4 

1.6 

3.2 

0 

8.3 

48.6 

64.4. 

47.7 

58.6 

· 
1Margin of safety was calculated by the equation: mean - (.5 x standard deviation). The value .5 is 
the standard normal deviate associated with the probability~ 693 (See Table 3.) 

Table 3. Standard normal deviates and probability levels for variance adjustments: 1 

Probability, 3 Standard Normal Deviate 

50 0.00 

60 0.26 .. 
69 0.50 

.. .. ~-: 

70 0.53 

80 0.83 

90 1.29 

95 1.65 

99 2.33 

'Kiemele and Schmidt, 1993. 



of the righ_t hand side requirement ignores the worth of ingredients with low variability and 
over estimates the value of ingredients with high variability. 

Assumptions for a linear program are that the values in the constraints and objective functions 
are linear and certain. Those assumptions are violated by the uncertainty and nonlinearity 
associated with the variance of the nutrients. The algorithms associated with stochastic 
nonlinear programming are direct methods for solving the nutrient variability problem. 

When a stochastic program is setat a 50 percent probability of meeting a requirement (SP50), 
the solution is the same as the linear program without adjustment (LP50). The reason for this 
is that the standard normal deviate for the 50% probability level is 0 (see Table 3). Therefore, 
when the variance value for the nutrients in stochastic nonlinear programming is multiplied by 
0, the adjustment value becomes 0 and the formulation proceeds based on the mean values of 
the nutrients. The result is the same as the linear program solution. When higher probabilities 
are requested, the differences between linear programming and stochastic nonlinear 
programming become larger. 

Table 1 shows a ration formulated by stochastic programming for 23 3 protein at a requested 
level of 693 (SP69). A comparison of SP69 and LP69 shows a difference in cost of the 
rations, $178.31 and $178.70 per ton, respectively. The difference is also reflected in'the 
calculated mean level of the nutrient, 23.28 and 23.46 % . Also, the calculated probability 
level of the formulated ration was 803 for LP69 and 69 (what was requested) for SP69~ The 
bottom line is that the stochastic nonlinear program more precisely met the requested 
probability level than did the linear program with margin of safety adjustments. 

To gain insight into the way that nutrients are adjusted in linear programming and stochastic 
programming, consider the following constraints. The first constraint, using protein as an 
example, adjusts corn and soybean by .5 times the standard deviation and subtraction from the 
appropriate mean, as follows: 

(8.7-.5 *(.8))*Com +(48.8-.5 *(.4))*Soybean meal >23 

, where corn has standard-deviation of . 8 and soybean meal has a standard deviation of .4 % . 
The value .5 represents the standard normal deviate for a 69 % probability level and 23 % 
represents the protein requirement for the animal. . 
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The stochastic program takes a different approach. The following is tbe .way the constraint 
would be handled by stochastic nonlinear programming: 

.. ~ 

A simple analogy is to consider the following: 

../9 + f16, =-7 (similar to the linear programming approach), is, not equal to 

J9 + 16 = 5 (which is similar to fue .. stochastic nonlinear program approach). 

-

In other words, the linear program approach to adjusting the mean over formulates the 
correction as compared to the stochastic approach. 

There seems to be a discrepancy in Table 1, between the printout values of LP69 and §P69 
The printout value for· LP69 is 23 % protein while the printout value for SP69 is 23. 28 % 

..' ,, 

protein. Why does there seem to be an excess protein for stochastic programming while linear 
programming is meeting the requirement exactly? The printout value for nutrients based on an 
ingredient database with adjusted nutrient values can be deceiving. The stochastic value of .ji, 
23.28 reflects the insurance value for meeting the protein value. The insurance value is masked 
for the linear programmed ration. The reason for the masking of the insurance value is that th~·-·:-, 
calculated level for the linear program was based on the adjusted nutrient value. When the 
linear program level is based on the original mean values (as it should be), the resulting 
pr~tein level is 23.46% which reflects the .46% insurance of meeting the requirement. The 
masking of the insurance level can mislead the nutritionist into thinking that the requirement 
has been precisely met. The stochastic program uses the original mean in the printout 
calculation. · 

WHAT INFORMATION IS NEEDED FOR STOCHASTIC NONLINEAR 
PROGRAMMING? 

A kn~wledge of the mean and standard deviation for the nutrients in ingredients is required. 
The assumption is made that the nutrients in ingredients are normally distributed. This 
assumption is based on the Central Limit Theorem which indicates if random samples are 
selected from a population, as the sample size increases, the distribution of observations will 
approach a normal distribution. The importance of this theory lies in the fact that it permits the 
use of normal theory and of sampling distributions derived from normal populations to make 
inferences about the population mean regardless of the form of the population (Kiemele and 
Schmidt, 1993). The sample size depends on the extent to which the population concerned 
deviates from normality. Duncan (1994) suggests that naturally occurring data are normally 
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distributed. It has been suggested that some nutrients in ingredients are not normally ' 
distributed- (Kirby et al.,· 1993). The observation of lack of normality -of nutrient distribution in 
ingredients is not in agreement with the observations of Duncan (1973, 1994). Where non., 
normality has been suggested, it is probable that the distribution in question were distorted by 
a man-made composite of several sources of ingredients. 

Conceptually, there are two types of variability, global and local variability. Global variability 
is the type of information that would be found in an NRC ingredient table. Local variability is 
the statistical information that would come from a quality control lab. Global variability is 
more liberal than local variability. 

Quality control at most feed mills is a retrospective activity. By the time the analysis is 
available on a batch of ingredients, the ingredients have been mixed in a ration and possibly 
feed (Burdett and Laws~ 1979). The historical data that a lab has is somewhere between the 
global and local variability data. Historical data may be the most practical available to the 
nutritionist; Certainly, the information contained in the global or historical data would 
represent a more logical approach than would a guess or rule of thumb_ approach to ration 
formulation. 

An appropriate requested probability level is also important for feed formulation. Regardless 
of the method of formulation, there is a probability level associated with meeting a 
requirement. What is the best probability level to use? That is a matter of balancing the . • 
benefit and cost. The attribute that stochastic nonlinear programming brings to feed ;, 
formulation is that it will accurately meet the requested probability level. Linear programming-,.~-:. 
usually over formulates and brings emphasis to the "or more" portion of the "69% or more" 
statement. It may be that the animal will need more than a 693 probability. Whatever the 
probability may be, the stochastic program will more accurately meet that requested level. 

HOW CAN BIOAYAILABILITY. DIGESTIBILTY DATA AND AMINO ACID 
PREDICTION EQUATIONS BE INCORPORATED INTO STOCHASTIC NONLINEAR 
P~.OGRAMMING? 

Bioavailability and digestibility values can be used to adjust nutrient mean and standard 
deviation values. For example, if the bioavailability of phosphorus is 1/3 in alfalfa, then the 
mean and standard deviation values can be adjusted by 1/3 to reflect the bioavailable 
phosphorus. The same is true for amino acid digestibility values (NRC, 1994). The mean and 
standard deviation values are multiplied by the appropriate digestibility values. 

It should be pointed out that the adjustment should be made on the standard deviation, not the 
variance. Adjustment of the variance requires the squaring of the adjustment value before 
multiplication. 
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Simple and multiple regression equations have been published for the· estimation of amino 
acids in ingredients based ·on protein percent and proximate analysis of th~ ingredient (NRC, 
1994). These equations could be further enhanced for stochastic nonlinear programming by 
including the regression confidence level information that would allow the determination of the 
standard deviation of the predicted amino acid. The use of stochastic nonlinear program and. 
the information about the standard deviation of the estimated .amino acid, allows compensation 
for some of .the concern about the low r2 of some Of the regression equatiQns. 

. :) . 

WHAT ARE THE BENEFITS OF STOCHASTIC NONLINEAR PROGRAMMING? 

There are several benefits of including the variability directly into the;formulation process: 
These benefits include:. 

Lower cost rations than the linear program with adjusted mean values. S.tochastic nonlinear _ 
programming is designed.for solving the nonlinear variables in a feed formulation problem. As 
a result, the requested'probability is more accurately met than would.be the case for .linear . 
programming adjusted for a margin of safety. The difference between linear programming and 
stochastic nonlinear programming is an over formulation of the nutrient (beyond the requested 
probability) and, thus, an increased cost of the linear programmed ration. A major feed 
manufacturing company has.reported a savings in excess of $250,000. using stochastic 
programming (Roush· et al.~ 1993). 

Value· of low variable ingredients. The greater the variability of a feedstuff, the higher is the ~ ~o~ 
cost of reducing the probability of violating a requirement (Black and Fox, 1976). Stock 
(personal communications, 1992) has pointed out that the stochastic method offers an 
opportunity to evaluate feed ingredients based on variability. That is, a feed manufacturer may 
be able to justify the increased cost of low variable ingredients as compared to other similar, 
but higher variable ingredients. Duncan ('1988) suggested that the evaluation of ingredient 
variation can be made based on the· fraction of nutrient variance provided by an ingredient 
times the cost of the ingredient. . __ 

Variance reduction in the finished feed. The use of stochastic nonlinear programming has been 
reported to reduce the variation of meeting the requested nutrient level in a formulated ration . 
One feed company found a 403 improvement in nutrient consistency (Roush et al., 1993). It 
should be pointed out that with the finer tuning of variability and the meeting of probability 
levels (with the overall result of accurately meeting a requested nutrient requirement) may 

· require a better targeting of the nutrient requirement.of animals. 

Nutrient management. Stochastic nonlinear programming·reduces the waste associated with 
over formulation by linear programming. Therefore stochastic rations, where nitrogen and 
phosphorus are the requested, result in less nitrogen and phosphorus than with linear 
programming. Theoretically, with a reduced nutrient input, the amount of nitrogen and 
phosphorus in the manure would be reduced. 
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HOW DO THE ANIMALS PERFORM ON STOCHASTIC RATIONS? · 

Studies in the literature have shown that the nonlinear approach has been used to formulate 
rations for a variety of animals including cattle (Van De Panne and Popp, 1963), dairy cattle 
(St.Pierre and Harvey, 1986), and poultry (D' Alfonso et al., 1993; Cravener et al.1994). 
However, there are only a few poultry studies .that have actually formulated and fed to analyze 
the performance. D'Alfonso et al. (1993) and Cravener et al. (1994) have shown there is no 
statistical (P > .05) difference in the performance of broilers (Table 4) ot laying hens (Table 5) 
fed rations formulated with stochastic nonlinear or linear programming with adjusted nutrients. 

SUMMARY 
'· 

1. What is stochastic nonlinear programming? 

Stochastic nonlinear programming is a feed formulation method which can use the 
variability of nutrients to meet animal requirements with measured certainty. 

:!.How do rations formulated by stochastic nonlinear programming compare with linear 
programming? 

Stochastic programming produces lower cost rations than linear programming when 
compared at the same requested probability level of meeting the requirement. 

3. What information is needed for stochastic nonlinear programming? 

A knowledge of the mean and standard deviation for the nutrient in the ingredients and 
an appropriate probability level for the requirement are needed. 

4. How can bioavailability values, digestibility data, and amino acid prediction equations be 
incorporated into stochastic nonlinear programming? 

Bioavailability and digestibility values can be used to adjust the nutrient mean and 
standard deviation values. Regression equations for predicting amino acid levels can be 
enhanced for use by stochastic nonlinear programming by including standard deviations 
of the predicted values. 

5. What are the benefits of stochastic nonlinear programming. 

The following benefits have been reported 1) stochastic programming produces lower 
cost rations (as reported above}, 2) the value of low variable ingredient can be taken 
into account, 3) a reduction in the variance of the finished feed, and 4) the more 
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Table 4. Broiler performance for ration formulation approaches (6 week production period). 1
•
2 

Performance factor LP LPMSl SPl LPMS2 SP2 

Body weight, kg 2.169 2.253 2.220 2.189: 2.180 

Carcass .weight, kg 1.396 
... 

1.346 . 1.400 
.{ 

1.280 1.346 

Feed conv.g/g l.78A 1.618 f.65AB · 1.65AB l.72A 

Income/Feed cost, $/bird .818 .895 '.907 .752 .824 

1Suoerscriots with the same letter indicates no si£mificant difference (Probabilitv ~ .05) 
2 Fonnulated by linear programming (LP); Stochastic nonlinear programs SPI (69% confidence on 
methionine, lysine, calcium and phosphorus) and SP2 (amino acid confidence levels£ 90%); linear 
programs with a margin of safety MSI (equivalent confidence levels as SPl) and MS2 (equivalent 
confidence levels as SP2). · 

Table 5. Laying hen performance ofhens based on ration formulation approaches (12-i8 day 
production periods). 1 

Performance factor LPMS69 SP69 LPMS90 SP90 
-~ 

Hen-day, % 80.75 80.85 81.99 80.91 

Hen-housed, % 72.73 . 75.82 74.69 73.84 

Feed per dozen eggs 1.80 1.88 1.84 1.89 

Feed costs/ dozen eggs, .0866 .0826 .0858 .0828 

. 

1 LPMS69=linear programming with a margin of safety, with calcium, phosphorus, methionine and lysine 
:? 69% confidence level; LPMS90 Linear programming with a margin of safety, with calcium and 
phosphorus£ 90%, and methionine and lysine£ 69%; STCH69=stochastic no_nlinear programming, with 
calcium, phosphorus, methionine and lysine ~ 69%; STCH90=stochastic nonlinear programming with 
calcium and phosphorus~ 90% and methionine and lysine~ 69%. · 
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accurate targeting of'animal requirements· which reduces nutrient waSte. 

6. How do animals perform on stochastic rations? \ 
Poultry fed rations formulated by stochastic nonlinear programming have shown no 
significant differences in performance as compared to birds fed rations formulated by 
linear programming adjusted for a margin of safety. 
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APPENDIX A. CALCULATION OF NUTRIENT LEVEL PROBABILITY. 

The level of confidence for the final ration can be calculated by the following method: 

1. Calculate the standard deviation of the nutrient in the ration: 

Where: SDnutrient = standard deviation of the nutrient in ration, Sn= the standard deviation of 
the nutrient in the nth ingredient; and Xn =the fraction of the nth ingredient. 

2. Calculate the standard normal deviate (Z) using the following equation: 

Z = (Calculated Nutrient Level )- (Requested Nutrient Level ) 

SD DDlrimt 

The probability of meeting the specified nutrient content is then determined form a Z ta~le of 
values (see Appendix D in Kiemele and Schmidt, 1993). ~ --· 

Exa_mple. The calculated probability meeting the protein value for SP69 (Table 1). 

1. Calculate the standard deviation of protein in the ration. 

2. Calculate the standard normal deviate: 

Z= 23 .28-23 .00 

.5814 
Z=.4816 

3. The Z value is .4816. Rounding the Z value to .5, the value corresponds to a probability of 
69% shown in Table 3. (Note: there is rounding error when calculating and comparing the 
values in the paper). 
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MODELING NUTRITIONAL REQUIREMENTS OF THE GROWING TURKEY 

INTRODUCTION 

. Paul E. Waibel 
·Department of Animal Science 

University of Minnesota 
St. Paul, Minnesota 55108 

I 

The National Research Council Poultry Report (NRC, 1984, 1994) 
provides nutrient requirement data for growing turkeys on a 
percentage or unit per weight of diet ·basis~ Requirements are 
given by age periods: 0-4, 4-8, 8-12, 12-16, 16-20, and 20-24 
weeks for males and 0-4, 4-8, 8-11, 11-14, 14-17, and 17-20 weeks -
for females. A reference metabolizable energy value is listed to. 
illustrate typical values and so that nutritional levels may be
related to metabolizable energy. The values are not meant as 
requirements although they are often quoted as such. 

Requirements I especially for amino acids and 'minerals I ·are 
· sometimes questioned as the growth rate of large strain market , 
turkeys increases each year. Assumptions are made that ' 
requirements must be increasing as growth increases relative to 
maintenance needs. For the same weight birds, age at marketing has 
lessened considerably. The 1970 turkey growth standard (Scott, 
1970) indicated that large white male tur~eys should attain•26.6 
pounds at 25 weeks of age. The 1994 standard (Sell, 1994) showed 
the same description of turkeys achieving 26.9 pounds at 17 weeks 
of age. A counterbalancing influence to the concern about the 
adequacy of today's requirements is that turkeys are now younger at 
the same weight and so they are in the earlier, higher nutrient 
Tevel requirement steps. 

The goal of this paper is to background the historical and 
conceptual approaches to modeling. While the emphasis is on 
turkeys, relevant broilers studies are included. An attempt will 

_be made to bring modeling information together but at the same time 
recognize the pursuit of nutritional knowledge through research. 

HISTORICAL 

There have been important contributions regarding alternative means 
of deriving nutritional requirements of broilers. Turkey 
nutritionists have naturally followed' these. 

Productive (net) energy values appeared for poultry feed 
ingredients due to the work of Fraps (1946) at the Texas 
Agricultural Experiment Station. They called attention to the 
variable energy content. of grains and milling by-products. The 
.higher energy Connecticut broiler ration containing.68% corn was 
shown to produce superior growth and feed efficiency as compared 
diets. containing lower-energy sources of carbohydrate, e.g. oats, 
wheat by-products (Scott et al., 1947). 
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The availabil'ity and successfui use- -ot' animal fat - as ·a dietary 
ingredient in the early 1950s resulted in improved gains and 
further reduced feed intake per unit of gain. With the increase in 
diet energy, a dilemma arose as to how to express the protein 
requirement, which was unsatisfactorily stated as a percentage of 
the diet. - 1 

· · - -

This problem was resolved at the University of Maryland with 
development of the Calorie :protein ratio concept by Donaldson, 
Combs, and Romoser in 1956. The productive (net) energy of the 
diet in Calories per pound was divided by its percentage protein. 
·These studies showed that body weight gain and carcass fatness were 
associated with dietary Calorie:protein ratio. In time productive 
energy gave way to metabolizable energy (Hill and Anderson, 1958), 

-which was easier to determine experimentally and with greater 
.precision. 

- The Maryland workers, centered around Dr. G. F. Combs, pursued 
advanced nutrient calculation methods for the time. Robel, Combs, 
and Romoser (1956) and Combs (1962) determined the daily protein 
requ~rement ?f chicks a~ ~ = .5.3W + 32?G; whe;re: .~ i~ protein 
requirement in mg per chick; W is body weight maintairfed in· grams, 
and G is-_ gain in grams. The threonine requirement was expressed 
similarly. · - -

.· 
Combs (1964a) described methionine plus cystine requirements in 

• • - ""IA.. 

relation to carcass nitrogen content.· Separate regression 
equations were presented for 7, 8, 9, 10, and 11% carcass nitrog,en 
where mg of cystine + methionine ·required · per chick per ·day· 
depended upon carcass nitrogen maintained and nitrogen gained. 

Combs ( 19 64b, 1968) presented regression equations for total sulfur 
amino acids, available methionine, and lysine requirements of 
starting and finishing broilers. Linear or quadratic equations 
were used which resulted in daily nutrient requirements considering 
maintenance and gain. 

This information was published in Maryland Nutrition Conference 
Proceedings, Poultry Science abstracts, and a Federation Meetings 
Symposium review. While some of the relationships may have been 
used in the field by industry nutritionists, they were not adopted 
widely. Dr. Combs himself soon left the poultry nutrition 
research area and became concerned with human nutrition. It would 
be interesting to speculate · where we might be today had he 
continued this pioneering work and had computers been available to 
conquer the mass of calculations needed. 

Reading Model 

The Reading· model was devised by Fisher, Morris, and· Jennings 
( 1973) to explain the nature of egg production responses to 
limiting amino acids. The curved egg production response at the 
intercept of slope and plateau was hypothesized as being a blended 

-response due to variation in individual heri egg production 
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responses. This diminishing response curve was described 
mathematically_ by Curnow (1973) thereby allowing the requirement to 
be related to economics. 

The Reading model was employed for amino acid requirement studies 
with chicks by Clark et al. (1982) ·and Gous and Morris (1985). 
Clark's paper provides the model formula which is used for growth 
studies. The general mathematical techniques of the Reading model 
should be applicable to determining requirements according to 
economic endpoints. While the usual factorial formula components 
describe growth and maintenance, it is the right hand portion under 
the root sign which adjusts the nutrient requirement level to the 
greatest net return over feed cost. 

The Reading model has not been obviously extended for practical use, 
involving multiple nutritional levels, but its economic principles 
are doubtless used in modeling mechanics. 

Israeli Model Development: 

In the first paper (Hurwitz, Sklan, and Bartov, 1978), a model was 
presented for calculating the energy, protein', and amino acid· 
requirements of the chick. The metabolizable energy requirement 
was calculated in relation to age using a factorial linear equation 
with components for maintenance and growth. The amino acid 
requirements were based upon maintenance and gain, considering 
portions and composition of feather and meat protein. ~ 

' 
This was extended (Hurwitz et al., 1980a) to deal with the eft'~ct 
of ambient temperature on feed intake, by treating maintenance as 
a function of ambient temperature in the equation. 

,,, •j 

Hurwitz et al. (1980b) reported changes in the earlier model and 
'?howed that the model based diets, although lower in protein than 
NRC requirements, supported equivalent performance. · 

The Israeli group has continued to develop advanced methods of 
·calculating nutrient requirements dynamically, with connection to 
economics. These will be presented later .. 

Edinburgh Model 

The Edinburgh Growth Model (Enunans, 1981) was designed to predict 
growth of ad libitum fed animals, emphasizing but not limited to 
poultry. Earlier Edinburgh models were more concerned with 
performance of pigs fed specific rations. Enunans begins by 

~ defining the maximum growth curve of the animal using a Gompertz 
curve; this is based upon mature body size of the genotype, 
achieved in the shortest period of time. The environment and 
nutritional program of the animal must be capable of supporting 
this condition.· 

This maximum growth curve assumes 
deposition in the animal are maximum. 
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if· amino acid intake is adequate, protein deposition will be 
maximai, and that any limitation in feed or energy intake will 
result in lesser fat deposition, down to a point where fat 
deposition· is integral to formation of body tissue. Below this 
point amino acids would be used by the animal for energy and 
protein deposition would diminish~ 

One of the important contributions of the model· is that the animal 
must be capable of liberating the body heat produced metabolically 
or feed intake will. be suppressed. This involves quantitation of 
the environmental conditions, especially ambient temperature, which 
allow the heat to be dissipated. 

Potential growth is arrived at with quantitation of maximal protein 
and fat content of the carcass-both during growth and ·in the mature 
state. This_ model has been used as a basis for a nwnber of"' 
commercial applications.· 

Quadratic Programming 

Biological response functions are not. often 'linear and therefore 
requirements could not be varied in proportion to expected results. 
Miller, Arraes, and Pesti _ (1986) devised a way to include non
linear relationships such as responses to protein and energy with 
linear programming through use of an appropriate quadratic 
equation. Using data where broilers are fed varying levels and 
combinations of protein and metabolizable energy, body weight is 
predicted ·through the solving of a quadratic equation having 
protein, energy, and interaction compo'nents. transformed to fe'ed 
ingredient space~ An estimated cost is provided for each solution":~ 
The normal linear program is solved with the objective being 
greatest body weight for each allowable cost. This quadratic 
programming model is able to determine the most profitable 
cqncentrations of protein ·and energy to feed at differing costs of 
Ptotein and energy ingredients. 

SURVIVAL NUTRITIONAL MODELING 

N'RC requirements expressed as a portion of the diet do not consider 
env·ironmental temperature or economics. Yet through time, 
resourceful feeders and nutritionists have devised adjustments to 
requirement levels which allowed survival in a competitive world. 

If dietary protein, - or energy, or phosphorus, __ became relatively 
expensive, their· levels were adjusted downward. When feed intake 
varied due to environmental temperature changes, the amounts of 
non-'energy nutrients in that· feed were adjusted to assure adequate 
intake. 

Many will remember the four-fold increase in the cost of soybean 
meal in 1973. Turkey producers wanted to know how much they could 
reduce the level of dietary protein and survive the period of very 
high feed costs. 
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Data from protein requirement studies conducted at varying ambient · · 
temperatures allowed development.of an empirical formula (Waibel, 
1976) which provided a flexible adjustment to the usual· 
protein/amino acid levels. This equation predicted most economical 
protein levels over variable temperature and prqtein cost ranges. 

' The relationships were guided by profitability econometric analyses 
which simulated research data into hypothetical farm situations. 
It follows: 

x = 1.00 + 0.004 (F - 70) - 0.005 (S/P - 20) 

Where: 
x = coefficient of modification of usual amino acid level 
F = expected average temperature in °F during feeding period 

of ration being formulated (applicable to 40-85 °F range) 
s = cost. of soybean meal (dehulled) in $ per 100 lb. 

(appl~cable $5 - $25 per 100 lb.) 
P = expected sale price of live turkey in $ ~er pound 

Hurwitz Model 

flurwitz et al. (1983a) proposed a model for calculating the amino 
acid requirement (AAR) of growing turkeys. Daily amino acid anq 
metabolizable energy requirements provide the basis for calculation 
of diet concentrations. 

The metabolizable energy requirement: 

EC = M w213 + DG 
M ·= f(T) 
D =· .6 + 9.3F 

where EC is energy intake (kcal/day), W is average body weight 
for the period, G is daily weight ~7in (g/day), Mis energy 
requirement for maintenance (kcal/g /day) , D is requirement 
for weight gain (in kcal/g), Tis environmental temperature, 
and F is the lipid fraction of body weight gain during 
respective periods. 

The amino acid requirement is the sum of the proportion of amino 
acid in each of the compartments (maintenance, carcass, feathers) 
times the protein requirement for that compartment. 

AAR = PRM x ~ + PRC x AAc + PRF x AAf 
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Symbols are PRM, ·protein requirement fer maintenance;' PRC, 
protein requirement· for carcass growth; and PRF, protein 
requirement for feather growth. AAro• Mc;· and M.f are the 
portions of. amino acids in the protein of maintenance, 
carcass, and'feathers, respectively. 

Definition of the PRM, PRC, and 'PRF. components: 

PRM = MA 
PRC = CP 
PRF = FP 

Where: 

MA 
CP 
FP 

x 
x 
x 

i's 
is 
is 

BW2/3 /.85 
G I .85 
G I .85 

coefficient of protein needed for maintenance 
protein composition in carcass gain 
feather protein a~ ~ fraction of weight gain 

Hurwitz et al. (1983b) tested predicted requirements (sulfur amino· 
acids·at 1 and 5 weeks of age; lysine at 12 and 16 weeks of age) in 
growth studies and concluded that che estimated reqliirements 
supported maximum gains and were not excessive. 

\ . 
A simulation model was introduced (Hurwitz et al., 1985) · which 
would adjust expected performance under differing conditions of 
environmental temperature and dietary energy concentration. This 
coupled with daily simulation including expenses and income allowed 
computation of net returns for ·comparison of alterri"'ative 
strategies. The program also adjusted the feeding schedule;, to 
correct for changes in feed intake due to expected ambient 
temperatures. The TURKS turkey production simulation program 
(Waibel et al~, 1985), as marketed by the University of Minnesota 
Extension Service, is based upon the principles in the Hurwitz et 
al. (1985) p~per. 

Emrnans' Edinburgh Growth Model: 

Fisher and Emrnans (1983) utilized a linear factorial model for 
·calculation of amino acid requirements of growing turkeys, 
emphasizing lysine utilization and using elements of the Edinburgh 
Growth Model. Estimation of protein growth and body weight with 
.age is derived from Gompertz growth curves based upon mature body 
weight. Gains and body weights, along with parameter coefficients, 
drive regression equations for calculation of daily requirements. 
Lysine requirements were derived by the equation: 

LYS(mg/d) = 86 dP/dt + 69W 
where dP/dt = rate of protein growth, g/d 
W = body weight, kg 

It was indicated that, on a typical feed, a, 12 week old male turkey 
will consume 3050 mg of lysine per day. Of this, 1640 mg, or 53.8% 
is stored in new tissue. Maintenance requires 480 mg, or 15.7%, 
and 930 mg (30.5%) are lost in digestive and metabolic 
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inefficiencies. Based upon the typical asstimption of· 15% loss in ·~ 
digestion (i.e. unavailability in feedstuffs) I the "metabolic 
inefficiency" portion comes to 15. 5%. ·The latter, added to 
maintenance, shows 30. 7% going to non-gain, but metabolizable 
functions. These_ calculations show that substantial portions of 
dietary lysine are used in non-productive functions. Calculations 
of exp·erimental data (Waibel, unpublished) suggest that the 

,partition of use of dietary lysine is dependent upon nutritional 
and production circumstances which are not yet defined clearly 

·enough to allow needed adjustments in modular calculations of 
requirements. 

Ernrnans (1989), in an excellent chapter on the growth of turkeys, 
described the theoretical basis of the Edinburgh growth model for 
turkeys, including potential growth at mature state and chemical 
composition with time. Associated Gompertz growth curves (paths to 
maturity) and tissue allometry were considered. He described a new 
energy term, effective energy, which would more accurately describe· 
usable energy and feed intake in the model. 

Reading Model via Nixey: 

The Reading model (without the economics function) was applied to 
literature reports of requirement data by Nixey (1988) to estimate 
daily methionine plus cystine and lysine requirements (gain and , 
maintenance coefficients) of growing turkeys using expected g~ins 
and body weights. The formula follows: 

AA = a Wp + b W 

where Wp is the potential body weight gain per day and W is 
the mean body weight. The coefficient a is the amino acid 
intake (mg/d) per unit body weight gain (g/d), while b is the 
amino acid intake (mg/d) per unit (g) of body weight 
maintained. 

He reported that the total sulfur amino acids (TSAA) as .a 
percentage of lysine requirement changed from 65 (4 weeks of age) 
to 134 (during 16-20 weeks) due to a greater call for TSAAs for 
body maintenance (proportional to body weight) .. This is opposite 
from the requirement ratio shown in NRC (1984), where the 
comparable percentages change from 65 to 47. 

Using this procedure the amino acid requirements are calculated in 
absolute terms on a daily basis. To convert the levels to feed 
concentrations, as used in a feed mill, provision must be made to 
measure daily feed.intake or calculate daily energy requirements 
according to gain and maintenance components. 

Comparison of Methods 

Ernrnans ( 1989) made example amino acid requirement calculations 
using his Edinburgh growth model and compared the results to those 
of Hurwitz et al. (1983). He concluded that "from 0 to 8 weeks for 
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lysine, and from· 10 to 17 weeks for the. sulphur-containing ami_no 
acids, the two predictions agree. Othe~ise, they differ 
appreciably." It is noted that the - amino acids and times of 
appreciable difference were those which were validated in Hurwitz' 
second paper. 

Nixey ( 1989) compared research-based empirically derived amino acid 
requirements as predicted by the Reading model with requirements 
calculated using the - Israeli and Edinburgh models. Agreement 
among all three over 5 age perioc;is from 0 to 20 weeks of _age was 
not encouraging. He indicated the situation to be "very 
unsatisfactory, with considerable variations so that nutritionists 
can have l:i,ttle confidence in the information when deciding on 
their turkey formulations." 

-
Cowdy ( 1982) wrote on the practical application of regression 
_approaches to the determination of nutrient requirements of 

-.turkeys. He considered variations introduced by: - 1. Change of 
diet. 2. Compensatory growth. and 3. Environment. He indicated 
that while he wasn't criticizing the modeling approach, these 
variables would present limitations to the accuracy of the method 
until suitable adjustments were made. - -

.· 
RECENT DEVELOPMENTS 

Talpaz et al. (1986) presented a dynamic optimization ·model for 
feeding of broilers. - The desired growth and carcass composition 
are defined by Gompertz curves. The energy and amino acid 
requirements are calculated dynamically for the entire growth 
period using methods of Hurwitz, presented above. The requiremenur~ 
formed the basis for a sequence of optimal least CO$t rations. 

This was followed by Talpaz et al. (1988), who combined the 
principles of the previous paper with economic optimization of 
varying growth trajectories for broilers. The growth performance 
of broilers held under restricted feeding regimens during their 
productive cycle was quantitated by deviation from the reference 
Gompertz curve. The alternative feeding strategies and their 
associated curves were compared with the reference or alternative 
curve. Many iterations were required to make the necessary 
comparisons for greatest profitability, but the authors were able 
to build upon certain results to short circuit the process and make 
it feasible. 

Talpaz et al.- (1991) presented a model which describes accelerated 
growth following feed restriction of broilers as a product of three 
terms: a time derivative of a Gompert z equation, a. compensation 
factor, and a time-dependent exponential term. 

Hurwitz et al. (1991), observing that a single-:phase Gompertz -
equation was inadequate to describe the entire growth pattern of a 
male turkey, utilized variable component Gompertz equations to 
study growth and development of BUT (British United. Turkeys) 
turkeys. It was reported that the diphasic growth behavior of male 
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turkeys, associated with sexual maturation,· is caused by differing 
, ·growth rates of various organs. 

PRESENT CONSIDERATIONS 

There. do not appear to be commercially available and successful . 
computer programs for total enterprise formulation of turkey diets 
at this time. In the longer term, there is great opportunity here 
to pinpoint supportive research needs. In the shorter term, one 
can use the types of equations shown in this paper while being sure 
the results make sense nutritionally. 

While the model calculations seem attractive, they are often based 
on theoretical assumptions which may not be borne out. The 
differences in.model results cited earlier seem to fall into this, 
category. It is wise to follow such pathways on an exploratory 
basis. If and when coming out with a universal model for industry 
use one must exert great care that the model is well tested and 
safe. 

The greatest potential of models ·for improving material and 
economic efficiency is when we have accurate knowledge of 1 
input/output relationships. Many recommended nutritional level.s 
are high plateau values. The commercial tendency seems to be to 
increase levels of .nutrients due to field problems and on advice of 
sales interests. Imbalance considerations and nutritive ratios are 
often neglected. A study by Waibel et al. (1991) compared 
nutritional levels in BUT, Nicholas, and Minnesota feeding programs 
and found large differences. Modeling will become more meaning.ful 
when high margins of safety are avoided, error is reduced, strain 
.differences are identified, and excessive genetic variation brought 
under control. 

It is important to study amino acid and nutrient requirements per 
_ unit of available energy. This is especially necessary when 
·.critical nutrients are limiting. Unfortunately some have 
interpreted a paper by Sell et al. (1985), which showed that 

~ . protein and energy have independent effects on body weight gain of 
tur.keys, to mean that these components should not be associated. 
Diets are usually nutritionally balanced and the use of nutritional 
ratios is a good way to assure this. However, ratios are also 
useful when nutrients are varied to higher or lower levels for 
economic or production reasons. 

Modeling of turkey nutritional requirements will become more 
attractive when requirements of individual turkeys are less 
variable. Unpublished studies by Saunderson and Waibel indicate 
that there is.considerable metabolic variation in the efficiency of 
use of lysine by turkeys. There are also variable gains within a 

·flock. Genetic selection is required to produce greater uniformity 
in these respects. 
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·CONCLUSION 

The turkey is an excellent animal for the application of modeling 
techniques which include diet formulation, due _to its relatively 
long growth phase, its high protein consumption, and the many 
growth, diet, and environmental variables which require adjustment 
and which NRC listed requirements do not address. Nut r i t ion a 1 
modeling will, in time, be extremely useful in turkey nutrition. 

Research in. the public sector will continue to be needed to provide 
accurate nutritional requirements data. Environmental variables 
and genetic variation must be included in an accurate expression of 
nutritional requirements. Efforts should be made· to eliminate 
undesirable genetic variation, especially that which supports 
inefficiency. Some have the mistaken notion that modeling can 
replace biological research. Modeling helps to focus on the need 
·eor research of excellent design and quality. 
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