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ABSTRACT: Research has demonstrated that sup-
plementing dairy cow and feedlot cattle diets with fiber-
degrading enzymes has significant potential to improve
feed utilization and animal performance. Ruminant
feed enzyme additives, primarily xylanases and cellu-
lases, are concentrated extracts resulting from bacterial
or fungal fermentations that have specific enzymatic
activities. Improvements in animal performance due to
the use of enzyme additives can be attributed mainly
to improvements in ruminal fiber digestion resulting
in increased digestible energy intake. Animal responses
are greatest when fiber digestion is compromised and
when energy is the first-limiting nutrient in the diet.
When viewed across a variety of enzyme products and
experimental conditions, the response to feed enzymes
by ruminants has been variable. This variation can be
attributed to experimental conditions in which energy
is not the limiting nutrient, as well as to the activities
and characteristics of the enzymes supplied, under- or
over-supplementation of enzyme activity, and inappro-

priate method of providing the enzyme product to the
animal. A limited number of ruminant enzyme products
are now commercially available, and this list of products
is expected to grow. However, random addition of en-
zymes to diets without consideration for specific situa-
tions and substrate targets will only discourage or delay
on-farm adoption of enzyme technology. Although much
progress has been made in advancing enzyme technol-
ogy for ruminants, considerable research is still re-
quired to reduce the variability of response. With in-
creasing consumer concern about the use of growth pro-
moters and antibiotics in livestock production, and the
magnitude of increased animal performance obtainable
using feed enzymes, there is no doubt that these prod-
ucts will play an increasingly important role in the
future. This paper reviews the research on enzyme se-
lection, the animal responses to feed enzymes, and the
mechanisms by which these products improve nutri-
ent utilization.
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Introduction

Over the years, significant improvements in forage
cell wall digestibility have been achieved through for-
age breeding programs and agronomic advances. De-
spite these improvements, forage digestibility contin-
ues to limit the intake of available energy by rumi-
nants, and correspondingly, contributes to excessive
nutrient excretion by livestock. The use of exogenous
fibrolytic enzymes holds promise as a means of increas-
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ing forage utilization and improving the productive
efficiency of ruminants.

Recent studies have shown that adding exogenous
fibrolytic enzymes to ruminant diets increases milk
production (Nussio et al., 1997; Lewis et al., 1999; Rode
et al., 1999; Schingoethe et al., 1999; Kung et al., 2000;
Yang et al., 2000) and ADG (Beauchemin et al., 1995;
1997; 1999b; Iwaasa et al., 1997; McAllister et al.,
1999) in some cases. These increases in animal perfor-
mance are due to increases in feed digestion. Numer-
ous studies have reported increased digestion of DM
and fiber measured in situ, in vitro (Nakashima et al.,
1988; Feng et al., 1996; Hristov et al., 1996; Yang et
al., 1999; Colombatto, 2000; Colombatto et al., 2002c¢),
or in vivo (Feng et al., 1996; Krause et al., 1998; Rode
et al., 1999; Yang et al., 1999; Beauchemin et al., 2000;
Kung et al., 2000). However, not all studies report
improved animal performance due to the use of exoge-
nous enzymes (Higginbotham et al., 1996; Pritchard
et al., 1996; ZoBell et al., 2000), and viewed across a
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variety of enzyme products and experimental condi-
tions the response to feed enzymes by ruminants has
been variable. This article reviews the research on the
selection of enzymes for use in ruminant diets, the
animal responses to feed enzymes and the potential
sources that contribute to the variability in response,
and the mechanisms by which exogenous fibrolytic en-
zymes improve nutrient utilization.

Feed Enzymes for Ruminants

Commercial enzymes used in the livestock feed in-
dustry are products of microbial fermentation. Feed
enzymes are produced by a batch fermentation pro-
cess, beginning with a seed culture and growth media
(Cowan, 1994). Once the fermentation is complete, the
enzyme protein is separated from the fermentation
residues and source organism. Although the source
organisms are, in many cases, similar among enzyme
products, the types and activity of enzymes produced
can vary widely depending on the strain selected and
the growth substrate and culture conditions used (Con-
sidine and Coughlan, 1989; Gashe, 1992; Lee et al.,
1998).

Compared to the fermentation extract, these enzyme
products are relatively concentrated and purified, con-
taining specific, controlled enzyme activities. They
usually do not contain live cells. Enzyme products for
ruminant diets are of fungal (mostly Trichoderma lon-
gibrachiatum, Aspergillus niger, A. oryzae) and bacte-
rial (mostly Bacillus spp.) origin (Pendleton, 2000).
Furthermore, most of the commercially available en-
zyme products that have been evaluated as ruminant
feed additives are produced for nonfeed applications;
cellulases and xylanases are used extensively in the
food, pulp and paper, textile, fuel, and chemical indus-
tries (Bhat and Hazlewood, 2001). Several fibrolytic
enzyme products evaluated as feed additives in rumi-
nant diets were originally developed as silage addi-
tives (Feng et al., 1996).

In addition to these relatively pure sources of en-
zymes, crude fermentation products and some nonbac-
terial direct-fed microbials (DFM) are also marketed,
at least partly or implicitly, based on their residual
enzymic content (Muirhead, 2001). In this case, the
enzymes, as well as the entire medium, are recovered
complete with metabolites and fermentation sub-
stances. Most nonbacterial DFM consist of A. oryzae
fermentation extract, Saccharomyces cerevisiae cul-
tures, or both (Martin, 2000). In comparison to concen-
trated feed enzyme products, these crude products con-
tain relatively little (<5%) enzyme activity. There is
no minimal level of enzyme activity required for prod-
ucts to be registered as feed enzymes, which adds tre-
mendous confusion in the marketplace. Consequently,
it can be difficult to distinguish commercially between
“true” enzyme products and products with trace levels
of activity. The scope of this paper is limited to concen-

trated fermentation products that have specific, con-
trolled enzyme activities.

Enzyme Activities Involved in Cell Wall Digestion

The focus of most enzyme-related research for rumi-
nants has been on plant cell wall degrading enzymes.
Cellulose and hemicellulose, the major structural poly-
saccharides in plants (Van Soest, 1994), are converted
to soluble sugars by enzymes collectively referred to
as cellulases and hemicellulases. The types of cellu-
lases and hemicellulases can differ substantially
among commercial enzyme products, and differences
in the relative proportions and activities of these indi-
vidual enzymes may have an impact on the efficacy of
cell wall degradation by these products. In addition
to fiber-degrading enzymes, these products also have
secondary enzyme activities, including amylases, pro-
teases, and pectinases.

Cellulose is hydrolyzed through a complex process
involving cellulases, and numerous specific enzymes
contribute to cellulase activity. The major enzymes
involved in cellulose hydrolysis are endocellulase (en-
doglucanase, endo-$-1,4-glucanase, carboxymethyl
cellulase or p-1,4-glucan glucanohydrolase; E.C.
3.2.1.4), exocellulase (exoglucanase, exo-3-1,4-gluca-
nase, cellulose 3-1,4-cellobiosidase; E.C. 3.2.1.91), and
B-glucosidase (cellobiase or glucohydrolase, E.C.
3.2.1.21). In general, endoglucanases hydrolyze cellu-
lose chains at random to produce cellulose oligomers
of varying degrees of polymerization; exoglucanases
hydrolyze the cellulose chain from the nonreducing
end, producing cellobiose, and p-glucosidases hy-
drolyze short-chain cellulose oligomers and cellobiose
to glucose.

The main enzymes involved in degrading the xylan
core polymer to soluble sugars are xylanases (EC
3.2.1.8) and (-1,4 xylosidase (3.2.1.37) (Bhat and Haz-
lewood, 2001). The xylanases include endoxylanases,
which yield xylooligomers and [-1,4-xylosidases,
which in turn yield xylose. Other hemicellulase en-
zymes involved primarily in the digestion of side
chains include S-mannosidase (3.2.1.25), a-L-arabino-
furanosidase (3.2.1.55), a-D-glucuronidase (3.2.1.139),
a-D-galactosidase (3.2.1.22), acetyl xylan esterases
(3.1.1.72), and ferulic acid esterase (3.1.1.73) (White
et al., 1993; Bhat and Hazlewood, 2001).

Fiber-degrading enzyme activities are generally de-
termined by measuring the rate of release of reducing
sugars from pure substrates, with enzyme units ex-
pressed as the quantity of reducing sugars released
per unit of time per unit of enzyme. Reducing sugars,
which include monosaccharides and free sugar ends
in oligosaccharides, can be measured colorimetrically
using the Nelson/Somogyi copper method (Somogyi,
1952) or the dinitrosalicyclic acid method (Miller,
1959).

The most commonly used substrate for measuring
cellulase activity is carboxymethyl cellulose, which
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measures endo-3-1,4-glucanase activity (Wood and
Bhat, 1988). Exoglucanase activity can be measured
using crystalline cellulose preparations, such as Avi-
cel. g-glucosidase activity is determined by measuring
the release of glucose from cellobiose, or the release of
p-nitrophenol from p-nitrophenyl-3-D-glucoside (Bhat
and Hazlewood, 2001).

Xylanase activity is most commonly measured by
determining the release of reducing sugars from pre-
pared xylan, such as oat spelt or birchwood xylan.
Xylanases are specific for the internal -1,4 linkages
within the xylan backbone, and are generally consid-
ered endoxylanases (Bhat and Hazlewood, 2001). En-
doxylanases can be considered to be debranching or
nondebranching based on their ability to release arabi-
nose in addition to hydrolyzing the main chain of xy-
lan. §-xylosidase activity can be determined by using
p-nitrophenyl derivatives.

Enzyme activity measurements must be conducted
under conditions closely defined with respect to tem-
perature, pH, ionic strength, substrate concentration,
and substrate type, since all of these factors will affect
the activity of an enzyme. Enzyme activities of com-
mercial enzyme products are typically measured at
the manufacturers’ recommended optima. A tempera-
ture of approximately 60°C and a pH between 4 and
5 are the optimal conditions for most commercial en-
zymes (Coughlan, 1985). However, the optimal tem-
perature and pH for assessing enzyme activity are not
representative of the conditions in the rumen, which
are closer to a pH of 6.0 to 6.7 and 39°C (Van Soest,
1994). Thus, the activities quoted for commercial en-
zyme products are considerably higher than for those
that would be measured at a pH and temperature simi-
lar to that of the rumen. Furthermore, because the
conditions of the assays and method of expressing en-
zyme activity vary among manufacturers, it is difficult
to compare enzyme products or predict the efficacy of
the product in ruminant diets.

Further details of the enzymology of cellulases and
xylanases are provided by Ghose (1987), Wood and
Bhat (1988), Bhat and Hazlewood (2001), and
McCleary (2001).

Animal Responses to Feed Enzymes

The use of exogenous fiber-degrading enzyme addi-
tives for ruminants was first examined in the 1960s,
as reviewed by Beauchemin and Rode (1996). Many of
these early enzyme products were poorly character-
ized, animal responses were variable, and little to no
effort was made to design these products specifically
for ruminants. In the last decade, researchers have
reexamined the potential use of exogenous enzymes
for ruminants due to higher feed costs, lower costs of
enzyme production, and the availability of more active
and better defined enzyme preparations. However, de-
scriptions of the enzyme products in most research
papers are still generic at best. The formulation of

enzyme products for ruminants has evolved over time,
but it is difficult to follow these changes based on the
information provided in the published literature. For
example, there is no way of knowing whether an en-
zyme product from a particular enzyme supplier is
the same from study to study. Typically, the enzyme
products evaluated for ruminants are blends of various
cellulases and xylanases that were originally produced
and marketed for other uses. Thus, the components of
a ruminant enzyme product can change over time due
to improvements in production and strain selections of
the enzymes driven by other markets. Also, ruminant
enzyme products have been reformulated as new infor-
mation became available.

Beef Cattle

Several recent studies have examined the use of ex-
ogenous enzyme products in high-forage diets fed to
growing cattle (Beauchemin et al., 1995; Michal et al.,
1996; Pritchard et al., 1996; McAllister et al., 1999;
Wang et al., 1999; ZoBell et al., 2000). There is evi-
dence that adding fibrolytic enzymes to forage diets
can improve fiber digestibility (Beauchemin et al.,
1995; Feng et al., 1996), but whether increased digest-
ibility improves performance of cattle may depend on
the physiological status of the cattle and the conditions
of the experiment.

The results of adding fibrolytic enzymes to high-
grain diets have been surprisingly more consistent
than those for high-forage diets. Applying an enzyme
product (Xylanase B, Biovance Technologies Inc.,
Omaha, NE) to a 95% barley-based diet improved feed
efficiency by 6 to 12%, depending upon the level of
enzyme addition (Beauchemin et al., 1997; 1999b;
Iwaasa et al., 1997) (Table 1). Increased feed efficiency
was due to an increase in diet digestibility (Iwaasa et
al., 1997). Similarly, Krause et al. (1998) reported a
28% increase in ADF digestibility using a similar en-
zyme product added to a high-concentrate diet. Using
another enzyme product (Finnfeeds Int. Litd., Marlbor-
ough, U.K.), McAllister et al. (1999) reported that
treating both the forage (ryegrass silage; 30% of the
diet) and grain (barley, 70% of the diet) portions of the
diet with 3.5 L/t of DM increased ADG by 10% (DM
basis). However, ZoBell et al. (2000) reported no effect
when what appears to be the same enzyme product
was added to a high-grain barley-based feedlot finish-
ing diet containing 17% forage (DM basis).

Despite the potential benefits of using exogenous
enzymes, the adoption of enzyme technology by the
beef industry has been slow due to the relatively high
cost of enzyme products compared with ionophores,
antibiotics, and implants. Furthermore, there are few
enzyme products commercially available to the beef
industry, and most of these have not been widely eval-
uated under a range of dietary conditions.
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Table 1. Effects of adding a commercial feed enzyme product to high-concentrate
feedlot finishing diets consisting of barley grain, supplement, and barley silage

Enzyme level

Ttem Control 1x 2x Change
Beauchemin et al. (1997)?
No. of animals 10 9
Initial weight, kg 407 414 — —
DMI, kg/d 9.99 9.53 — -5%
ADG, kg/d 1.43 1.52 — +6%
Kilograms of feed DM: 7.11° 6.33¢ — -11%
Kilograms of gain
Iwaasa et al (1997)
No. of animals 10 10 10
Initial weight, kg 476 479 481 —
DMI, kg/d 10.6 9.8 9.8 -8%
ADG, kg/d 2.0 2.1 2.2 +1%
Kilograms of feed DM: 5.28 4.98 4.6f -6 to 12%
Kilograms of gain
DM digestibility, % 65.7° 69.38 68.9% +5%
Beauchemin et al. (1999b)°
No. of animals 86 101
Initial weight, kg 385° 3601 — -6.5%
DMI, kg/d 10.73 10.62 — -1%
Weight gain, kg 172¢ 1884 — +9%
ADG, kg/d 1.40° 1.53¢ — +9%
Kilograms of feed DM: 7.72 6.95 — -11%

Kilograms of gain

2No ionophore, no implants used.
*Tonophores and implants used.

‘Cattle were vaccinated, implanted, and melangesterol acetate was provided in the supplement.

dep < 0.05.
fep < 0.10.

Dairy Cattle

A number of studies have examined the effects of
fibrolytic exogenous enzymes on digestibility and milk
production in dairy cows (Stokes and Zheng, 1995;
Higginbotham et al., 1996; Nussio et al., 1997; Zheng
and Stokes, 1997; Beauchemin et al., 1999a, 2000;
Lewis et al., 1999; Nussio et al., 1997; Rode et al.,
1999; Schingoethe et al., 1999; Yang et al., 1999, 2000;
Kung et al., 2000; Phipps et al., 2000a,b; Bowman,
2001; Sutton et al., 2001; K. A. Beauchemin, L. M.
Rode, B. I. Farr, J. A. Shelford, J. Baah, and G. F.
Hartnell, unpublished data). Across 20 studies and 41
treatments, the average increase in DMI was 1.0 + 1.3
kg/d, and the average increase in milk yield was 1.1
+ 1.5 kg/d (8.4% £ 4.7). Thus, when viewed across a
variety of enzyme products and experimental condi-
tions, the response is positive, but the variability is
also high.

In some studies, the response to enzymes has been
substantial. For example, Lewis et al. (1999) treated
forage with a cellulase/xylanase mixture (FinnFeeds
Int.; supplying 1 mL/kg of total mixed ration [TMR],
DM basis) and observed that cows in early lactation
produced 6.3 kg/d (16%) more milk (Table 2). However,
higher and lower levels of the same enzyme product
were less effective. Rode et al. (1999) applied an en-
zyme product (Promote, Biovance Technologies Inc.,

Omaha, NE) to the concentrate portion of a diet (sup-
plying 1.3 g/kg of TMR on a DM basis) and observed
a 3.6 kg/d (10%; P = 0.11) increase in milk production
for cows in early lactation (Table 2). Yang et al. (2000)
added an enzyme mixture (Biovance Technol, Omaha,
NE) to the concentrate, and cows in early lactation
produced 2 kg/d (5.9%) more milk (Table 2). However,
there was no response when the same enzyme was
added to the TMR.

It is clear that exogenous enzymes can be effective
for ruminants, but it is important to determine the
conditions that are most likely to result in positive re-
sponses.

Understanding the Variability in Animal Response

In general, results with beef cattle and dairy cows
indicate a positive response to enzymes, but the results
are variable. Although this variability may be viewed
as an indication that feed enzyme additives are not a
suitable technology for ruminants, we believe that
much of the variability can be attributed to factors
such as enzyme type, level of supplementation, method
of enzyme application, and the energy balance of the
test animals.

Enzyme Activity

There is increasing evidence that plant cell wall-
degrading enzymes stimulate fiber digestion in the
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Table 2. Effects of supplementing diets fed to cows in early lactation with an enzyme mixture”

Lewis et al., 1999 Rode et al., 1999 Yang et al., 2000

Low Medium High Enzyme Enzyme Enzyme
Control enzyme enzyme enzyme Control in conc. Control in conc. in TMR
DMI, kg/d 24.4° 26.22 26.22 26.6% 18.7 19.0 194 19.8 20.4
Milk production, kg/d 39.6° 40.8° 45.92 41.2° 35.9f 39.5¢% 35.3P 37.42 35.2P
Milk composition, %
Fat 3.992 3.83% 4.00* 3.75P 3.87* 3.37° 3.34 3.19 3.14
Protein 2.95% 2.87° 2.88P 2.85P 3.24 3.03 3.18 3.13 3.13
Lactose 4.89%b 4.91%> 4.922 4.81° 4.73¢ 4.624 4.65 4.65 4.56
BW change, kg/d NA NA NA NA -0.63 -0.60 0.15 0.04 0.14
DM digestibility, % NA NA NA NA 61.72 69.1° 63.9% 66.6° 65.72
NDF digestibility, % NA NA NA NA 42.5% 51.0° 42.6 44.3 45.9

abMeans within a study differ (P < 0.05).
“dMeans within a study differ (P < 0.10).
feMeans within a study differ (P = 0.11).

“Conc = concentrate, TMR = total mixed ration, NA = not available.

rumen (Feng et al., 1996; Yang et al., 1999). The re-
sponse has been shown to be due to enzymatic activi-
ties (Nsereko et al., 1999), but the key enzymes in-
volved have not been identified. Identification of the
important enzyme activities would provide a rationale
for designing more effective enzyme products for ru-
minants.

Wallace et al. (2001) used six enzyme products to
examine the relationship between enzyme activities
and in vitro gas production using grass and corn silage.
A significant positive correlation was reported be-
tween cellulase activity and gas production from grass
silage. In a companion study, it was observed that
preparations relatively high in cellulase activity in-
creased the rate of gas production from corn silage
compared with the control (no added enzyme). In con-
trast, products with relatively high xylanase activity
did not increase gas production when glucanase activ-
ity was low. Based on the results of this study, one
may assume that it would be possible to improve the
effectiveness of enzyme preparations by increasing cel-
lulase activity. However, it should be noted that the
levels of enzymes used in these studies were 20 to 40
times higher than the levels normally (0.5 to 2 mg/g
of TMR DM) used as ruminant feed additives. The
authors were unable to document any positive effects
of exogenous enzymes on rate of gas production when
using lower enzyme levels, which may have been a
reflection of the techniques used. Caution must be ap-
plied when extrapolating from in vitro studies where
relatively high levels of enzyme addition are used.

Colombatto et al. (2002a) used 23 commercial en-
zyme products to determine the relationship between
enzyme activity and the in vitro degradation of feeds.
The enzyme products were assayed for 16 different
activities using pH and temperature conditions simi-
lar to those of the rumen (39°C and pH 6.0), and the
level of enzyme product added per unit of feed was
similar to that used in vivo (1.5 mg/g of DM). For
incubations performed in buffer without ruminal fluid,
there was a strong relationship between the release

of reducing sugars from alfalfa hay or corn silage and
the biochemical characteristics of the enzyme prod-
ucts. Protein content of the enzyme product explained
about 60% of the variation in reducing sugars released,
indicating that concentrated products with higher pro-
tein content were most effective. This can be explained
by the fact that the same amount of each enzyme prod-
uct was used even though the enzyme activity varied
tremendously among products. S-glucanase activity
explained a further 24% of the variation in reducing
sugars released from alfalfa hay, whereas endogluca-
nase, exoglucanase, f-glucosidase, xylanase, and amy-
lase explained a further 37% of the variation for corn
silage. Thus, for alfalfa hay, about 84% of the varia-
tion, and for corn silage, about 97% of the variation,
was explained by these factors.

The same enzyme products were evaluated for their
effects on in vitro DM degradation (Colombatto et al.,
2002b). Five of the 23 products significantly improved
the 18-h degradation of alfalfa hay, and nine of the
23 products improved the degradation of corn silage.
There was a significant relationship between xylanase
activity and feed digestion. However, the relationship
was positive with alfalfa hay, but negative with corn
silage. This negative relationship observed for corn
silage is perplexing and may not be one of “cause and
effect.” In addition, it should be noted that whereas the
correlations between xylanase activity and digestion
were significant, the xylanase activity alone explained
less than 30% of the variation in degradation. No other
significant relationship was observed between enzyme
activities and feed degradation.

Similar observations have been reported in vivo. For
example, Kung et al. (2000) compared two different
enzyme products with similar cellulase and xylanase
activities in the diets of lactating dairy cows. Only one
of the two enzyme products resulted in an increase in
milk yield.

Although further study is warranted, these results
indicate that it may not be possible to predict the po-
tential of increasing cell wall digestion in the rumen
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using exogenous feed enzymes based only on their bio-
chemical characterization. This observation is not sur-
prising because enzyme activities are measured on
model substrates that do not represent the complexity
of plant cell wall material. Enzyme assays are based
on the initial rate of reaction with the substrate and do
not relate to overall enzyme persistency. Furthermore,
the conditions of the assays may not represent those
of the rumen. Although enzyme activity units are im-
portant for quality control and to ensure that the cus-
tomer is actually getting the product they expect, it
must be recognized that these activity units bear little
relationship to the efficacy of the product as a rumi-
nant feed additive.

Enzyme Level

Some of the variability associated with the use of
exogenous enzyme products in ruminant diets is due to
supplementation with insufficient or excessive enzyme
activity. In vivo responses to enzyme addition are typi-
cally nonlinear (Beauchemin et al., 1995; Kung et al.,
2000), and it is possible to over-supplement. For exam-
ple, Kung et al. (2000) offered forage (60% corn silage
and 40% lucerne hay; DM basis) treated with increas-
ing levels (0, 1, 2.5 mL/kg of TMR) of an enzyme prod-
uct (FinnFeeds Int.) to cows. Cows fed the low level of
enzyme tended (P < 0.10) to produce more milk (39.5
kg/d) than those fed the control diet (37.0 kg/d) or those
fed the high level of enzyme (36.2 kg/d). Nonlinear
responses have also been reported for growing beef
cattle (Beauchemin et al., 1995). In that study, ADG
of cattle fed alfalfa hay increased by 24 to 30% with
lower levels of added enzyme (0.25 to 1 mL/kg of DM)
as a result of increased intake of digestible DM, but
higher levels of enzyme (2 and 4 mL/kg of DM) were
not effective. With timothy hay, a high level (4 mL/kg
of DM) of exogenous enzymes increased ADG of cattle
by 36% as a result of a 17% increase in ADF digestibil-
ity and a 14% increase in digestible DM intake.

These studies demonstrate that high levels of en-
zyme addition can be less effective than low levels,
and the optimal level of enzyme supplementation may
depend on the diet. Lack of response to low levels of
enzyme addition may indicate an insufficient supply
of enzyme activity; however, the rationale for reduced
efficacy of added enzymes at high levels of incorpora-
tion is not clear. Nsereko et al. (2002) reported a qua-
dratic response in total bacterial numbers in ruminal
fluid with increasing levels of an enzyme product from
Trichoderma longibrachiatum added to a dairy cow
diet. The authors speculated that application of a mod-
erate level of enzyme to ruminant feeds caused some
beneficial disruption of the surface structure of the
feed either before or after ingestion. When excess en-
zyme was applied, the beneficial disruption of the feed
surface structure may have diminished because the
excess exogenous enzyme attached to feed may have

restricted microbial attachment and limited digestion
of feed.

Enzyme-Feed Specificity

The array of enzyme activities required to improve
fiber digestion varies according to the composition of
the feed. The principle of feed-enzyme specificity is
illustrated in a study conducted in our lab (D. Co-
lombatto, K. A. Beauchemin, and D. P. Morgavi; un-
published data) in which 26 enzyme products were
used. The products were characterized biochemically,
and then assessed in vitro in the presence of rumen
fluid to test their ability to influence DM degradation
of alfalfa hay or corn silage at 18 h of incubation. The
enzyme products that effectively increased degrada-
tion were different for both forages (Table 3). Of the
candidates that increased degradation of alfalfa, only
enzyme E was also effective for corn silage (ranked
10th). These data clearly indicate the importance of
matching the enzyme product to the forage.

Enzyme-feed specificity presents a major dilemma
for formulating new ruminant feed enzyme products
because most commercial ruminant diets contain sev-
eral types of forages and concentrates. Therefore, to
achieve maximal benefit, a number of different enzyme
sources would need to be used in a typical diet. A
middle approach is to use an enzyme that may not be
the best on all forages, but is relatively suitable for
most feeds. This generalized approach has been the
one taken for the most part in the development of
enzyme products for ruminants. To some extent, this
approach has limited the rate of progress in terms of
bringing effective products to the marketplace. On-
farm efficacy of some products may not be high in all
situations, contributing to the variability associated
with enzyme technology. Because of the relatively high
cost of feed enzymes compared to other technologies,
livestock producers expect an equally high response
in animal productivity. In future, the “one-size-fits-
all” approach may be replaced by a more targeted ap-
proach in which feed enzyme products are formulated
for various types of feeds. Although this “designer en-
zyme” targeted approach presents an added degree of
complexity in the marketplace, it may be the best way
to ensure efficacy of feed enzyme technology on the
farm.

Method of Providing Enzyme to Animals

Applying fibrolytic exogenous enzymes in a liquid
form onto feeds prior to consumption can have a posi-
tive effect on animal performance (Rode et al., 1999;
Schingoethe et al., 1999; Kung et al., 2000; Yang et
al., 2000). In contrast, infusion of enzymes into the
rumen has not been effective (Lewis et al., 1996;
McAllister et al., 1999; Sutton et al., 2001). The close
association of enzymes with feed may enable some
form of preingestive attack of the enzymes upon the
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Table 3. Top-ranked enzyme products for their ability to increase in vitro dry matter
degradation of forages. Letters (A to Z) indicate enzyme products. Xylanase (Xyl)
and endoglucanase activity (CMC) of each product is expressed as a percentage
of the maximal activity measured across all 26 products

Alfalfa hay*®

Corn silage®

Increase in

Increase in

Rank Enzyme Xyl/CMC IVDMD, % Enzyme Xyl/CMC IVDMD, %
1 A 83.2/2.0 10.3* Z 88.6/15.4 10.9%
2 B 0.9/0 9.8% J 15.1/40.2 9.1%
3 C 84.3/21.5 9.5% N 4.3/40.1 8.7*
4 D 90.7/17.0 9.3% Y 3.0/12.3 8.3%
5 E 34.6/6.8 8.5% S 13.3/63.5 7.5%
6 F 62.0/68.0 7.8 P 10.0/57.1 7.3%
7 G 10.5/85.6 7.5 X 2.5/31.7 6.7*
8 H 100/6.9 6.3 Q 2.9/7.1 5.9%
9 I 16.2/100 6.3 I 16.2/100 5.9%

10 J 15.1/40.2 5.6 E 34.6/6.8 5.8%

11 K 4.5/34.0 5.5 G 10.5/85.6 5.6%

#In vitro DM digestibility (IVDMD) of alfalfa hay control was 434.9 g/kg.

PIVDMD of corn silage control was 424.0 g/kg.

*Increase in IVDMD compared with control silage with no added enzyme (P < 0.05).

plant fiber and/or enhance binding of the enzymes to
the feed, thereby increasing the resistance of the en-
zymes to proteolysis in the rumen.

There is apparently little or no requirement for a
reaction phase or incubation time between treatment
and feeding of forages. Lewis et al. (1996) observed
an increase in total-tract NDF digestibility when an
enzyme solution was applied to dry hay prior to feed-
ing, but there was no difference between applying the
enzyme immediately before feeding and a 24-h incuba-
tion period. In vitro studies have reported similar re-
sults (Colombatto, 2000).

Enzymes have been applied to TMR (Higginbotham
et al., 1996; Beauchemin et al., 1999; Phipps et al.,
2000b; Yang et al., 2000), hay (Beauchemin et al.,
1995; Lewis et al., 1996; Yang et al., 1999), ensiled
forages (Beauchemin et al., 1995; Phipps et al., 2000a),
concentrate (Rode et al., 1999; Phipps et al., 2000b;
Yang et al., 2000), supplement (Bowman, 2001), or
premix (Bowman, 2001). Exogenous enzymes may be
expected to be more effective when applied to high-
moisture feeds (such as silages) compared to dry feeds
because of the higher moisture content. The require-
ment for water in the hydrolysis of soluble sugars from
complex polymers is a fundamental biochemical prin-
ciple. Furthermore, silage pH values are usually at,
or around, the optimal pH for most fungal enzymes.
However, in practice, some exogenous enzymes are
more effective when applied in a liquid form to dry
forage as opposed to wet forage. Feng et al. (1996)
applied an enzyme solution directly to grass and ob-
served no effect when added to fresh or wilted forage;
however, when it was applied to dried grass, enzymes
increased DM and fiber digestibility. Similarly, Yang
et al. (2000) reported increased milk production and
digestibility of the diet when enzymes were added to
the concentrate portion of a dairy cow diet, but not

when they were added directly to TMR. In contrast,
Phipps et al. (2000b) reported no difference between
adding an enzyme product to concentrate or TMR, but
the enzyme product used in that study was not effec-
tive. The reduced efficacy of exogenous enzymes ap-
plied to ensiled feeds may be due to inhibitory com-
pounds in fermented feeds. Nsereko et al. (2000) re-
ported the presence of compounds in whole-crop barley
silage that inhibited endo-1,4-3-xylanase activity of an
enzyme product from T. longibrachiatum by 23 to 50%,
although there was no effect on cellulase activity. Also,
the application of exogenous enzymes to silages can
accelerate their aerobic deterioration. The growth of
the ephiphytic microbiota is stimulated by soluble sug-
ars released by enzyme treatment, which could lead
to a decrease of the silage feed value if the time elapsed
between enzyme application and consumption is suffi-
ciently long (Wang et al., 2002).

Yang et al. (1999) observed no difference between
applying an enzyme product to dry forage or to both
dry forage and concentrate. Others have also found
that adding enzyme to concentrate to be effective
(Beauchemin et al., 1997; Iwaasa et al., 1997; Rode et
al., 1999; Yang et al., 2000). Bowman (2001) examined
the effects of adding an enzyme product (Promote
N.E.T., Agribrands International, St. Louis, MO) to
various proportions of a TMR fed to dairy cows. The
enzyme product was added to the concentrate portion
of the TMR (45% of the TMR), to the supplement (4%
of the TMR), or to the premix (0.2% of TMR). Diets
with enzymes delivered the same quantity of enzyme
per cow daily. Total-tract digestibility of NDF was in-
creased from 44.3 to 55.6% (25%) when enzyme was
added to concentrate, but the other treatments had no
effect. When the same diets were evaluated in vitro,
DM degradation of the TMR at 12 h of incubation was
increased by 15% when enzymes were added to the
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concentrate portion, and by 17% when added to the
premix portion, of the diet. At 48 h of incubation, only
the treatment with enzyme added to a premix had
higher DM digestibility compared to the control. Rea-
sons for reduced response in vivo when enzymes are
applied to a smaller portion of the diet are unclear.
Beauchemin et al. (1999b) suggested that enzymes
should be applied to a large portion of the diet to in-
crease the chances that enzymes endure in the rumen.
Adding enzyme to a small portion of the diet may allow
rapid passage of enzyme from the rumen, lessening
the enzyme effect in the rumen. Rapid passage of the
enzyme is not an issue in vitro. Thus, in vitro batch
culture assays used as a bioassay to predict the effects
of exogenous enzymes on digestibility may not accu-
rately predict variations in the in vivo response caused
by method of providing the enzyme to the animal.

Level of Animal Productivity

Animal responses to exogenous enzymes are ex-
pected to be greatest in situations in which fiber diges-
tion is compromised and when energy is the first-lim-
iting nutrient in the diet. High-producing dairy cows
and growing cattle require high levels of available en-
ergy to meet the demands of milk or meat production.
It is not uncommon for feed intake of dairy cows to
exceed four times the level of intake required for main-
tenance. In these commercial feeding situations, fiber
digestion is often compromised due to low ruminal pH
and rapid transit time through the rumen. The NRC
(1989) assumes a 4% reduction in digestibility for each
multiple increase in feed intake over maintenance.
Thus, a dairy cow diet with a potential digestibility of
77% would have an actual digestibility of 68% when
fed to high-producing dairy cows. More recently, the
NRC (2001) recognized that the decrease in digestibil-
ity at high levels of intake is not constant. For high-
quality diets, the decrease in digestibility is even
greater than previously estimated.

Enzymes help bridge the gap between potential and
actual performance of the animal. This concept is illus-
trated in a study in which dairy cows and sheep were
fed a TMR with and without exogenous enzymes (Yang
et al., 2000). When measured in dairy cows, the total-
tract digestibility of the control diet was 63.9% for DM
and 31.8% for ADF. As a result of lower intake as a
percentage of BW, digestibility of the control diet was
higher in sheep; total-tract digestion was 77.1% for
DM and 49.8% for ADF. Use of an enzyme product
improved digestibility of the diet when evaluated in
dairy cows, but not in sheep. These results indicate
that exogenous enzymes improve feed digestion when
the potential digestibility of the diet is not attained
because digestion is compromised. It is this “loss” in
digestible energy that is captured with the use of
feed enzymes.

Existing enzyme technology is not likely to benefit
ruminants fed at maintenance; rather, the greatest

responses will be for ruminants fed for maximal pro-
ductivity. Similarly, the response to exogenous en-
zymes is greater for dairy cows in early lactation than
for those in later lactation (Nussio et al., 1997; Schin-
goethe et al., 1999).

Mode of Action: An Integrated Hypothesis

In light of the exceptionally high starch- and fiber-
digesting capacity of the rumen, it is difficult to explain
why treatment of grain or forage with enzymes prior
to consumption further improves feed utilization. It is
clear that the mode of action for exogenous enzymes
improving digestion of plant cell wall is complex.
Based on our experience and the available informa-
tion, we have developed a putative hypothesis that we
feel accounts for the most critical factors that explain
the observed increases in fiber and DM digestion.

Exogenous enzymes in the rumen are generally more
stable than previously thought (Hristov et al., 1998;
Morgavi et al., 2000b, 2001), particularly when applied
to feed prior to ingestion. Application of enzymes to
feed enhances the binding of the enzyme with the sub-
strate, which increases the resistance of the enzymes
to proteolysis and prolongs their residence time within
the rumen. In the rumen, the close association between
digestive bacteria and feed particles concentrates di-
gestive enzymes close to their specific substrates. How-
ever, some ensiled feeds contain compounds that are
inhibitory to xylanases (Nsereko et al., 2000); there-
fore, applying enzymes to dry feeds decreases the vari-
ability in response.

Applying enzymes to feed also provides a slow-re-
lease mechanism for enzymes in the rumen (Beauche-
min et al., 1999a). Thus, the greater the proportion of
the diet treated with enzymes, the greater the chances
that enzymes endure in the rumen. Without this stable
feed-enzyme complex, the enzymes are solubilized in
ruminal fluid and flow rapidly from the rumen.

There is evidence for preconsumptive effects of exog-
enous enzymes causing the release of soluble carbohy-
drates (Hristov et al., 1996), and in some cases, partial
solubilization of NDF and ADF (Gwayumba and Chris-
tensen, 1997; Krause et al., 1998). Nsereko et al. (2000)
demonstrated compelling evidence that applying en-
zymes to feed causes structural changes to occur,
thereby making feed more amenable to degradation.
Cell wall hydrolysis in the rumen proceeds in an ero-
sive manner (White et al., 1993), and it is well recog-
nized that a major constraint to digestion is the limited
colonization and penetration of cellulolytic microbes
and their hydrolytic enzymes onto the exposed sur-
faces of feed particles.

It is most likely that the major portion of the positive
production responses resulting from the use of enzyme
additives is due to ruminal effects. Adding exogenous
enzymes to the diet increases the hydrolytic capacity
of the rumen mainly due to increased bacterial attach-
ment (Yang et al., 1999; Morgavi et al., 2000c; Wang et
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al., 2001), stimulation of rumen microbial populations
(Wang et al., 2001; Nsereko et al., 2002), and syner-
gistic effects with hydrolases of ruminal microorgan-
isms (Morgavi et al., 2000a). The net effect is increased
enzymatic activity within the rumen, which enhances
digestibility of the total diet fed. Thus, improvements
in digestibility are not limited to the dietary compo-
nent to which the enzymes are applied, which explains
why fibrolytic enzymes can be effective when added to
the concentrate portion of a diet. Increased hydrolytic
capacity of the rumen can also lead to an increase in
digestibility of the nonfiber carbohydrate fraction, in
addition to increasing digestibility of the fiber compo-
nents of a diet, which explains why fibrolytic enzymes
can be effective in high-concentrate diets.

Exogenous enzymes appear to survive in the small
intestine for a time sufficient to have an effect on target
substrates (Morgavi et al., 2001). However, postrumi-
nal effects of exogenous enzymes on digestion are
likely only a significant factor when enzymes are in-
fused into the rumen (Hristov et al., 2000) or added
to feed in a manner that allows for easy solubilization
from feed and rapid passage from the rumen (Beauche-
min et al., 1999). Such may be the case when enzymes
are applied to wet feeds prior to feeding or when offered
as a concentrated premix. Also, the relatively short
retention times through the lower gastrointestinal
tract means that, postruminally, enzymes are only
likely to be effective against the least recalcitrant frac-
tion of dietary fiber. Significant quantities of this eas-
ily digestible fiber will only be passing out of the rumen
in abnormal circumstances such as extreme ruminal
acidosis.

Implications

Adding exogenous fibrolytic enzymes to dairy cow
and feedlot cattle diets can potentially improve cell
wall digestion and the efficiency of feed utilization by
ruminants. Positive responses in milk production and
growth rate have been observed for cattle fed some
enzyme products, although results have been inconsis-
tent. Some of the variation can be attributed to product
formulation, under- or over-supplementation of en-
zyme activity, inappropriate method of providing the
enzyme product to the animal, and the level of produc-
tivity of the test animal. Research is needed to under-
stand the mode of action of these products so that on-
farm efficacy of ruminant enzyme technology can be
assured. With increasing consumer concern about the
use of growth promoters and antibiotics in ruminant
production, and the magnitude of increased animal
performance obtainable using feed enzymes, these
products could play an important role in future rumi-
nant production systems.
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ABSTRACT: Food-borne pathogenic bacteria sicken
more than 76 million Americans annually. Many of
these illnesses are caused by consumption of foodstuffs
produced from animals. Postslaughter intervention
strategies effectively reduce bacterial contamination
level from the abattoir to the table. However, in spite
of these effective strategies, food-borne illnesses and
food-related deaths still occur far too frequently. There-
fore, strategies that expand the continuum of interven-
tion from the abattoir back to the farm have the greatest
potential to reduce pathogenic contamination of meats
and resultant human illnesses. A broad range of pre-
slaughter intervention strategies have been contem-
plated and are currently under investigation. Potential
strategies to be discussed include vaccination, competi-

tive exclusion, substrate-adapted competitive exclu-
sion, and the use of pro- and prebiotics (e.g., fructooligo-
saccharides). Other strategies such as the use of bacte-
riophage to specifically target certain pathogenic
bacteria, and the exploitation of the physiology of spe-
cific pathogens will be described. Additionally, the use
of antibiotics to specifically reduce pathogens will be
examined, as well as the risks incurred by antibiotic
usage. The effects of management strategies (e.g., di-
etary changes), transportation, and stress on food-
borne pathogenic bacterial populations of food animals
will also be discussed. The parallel application of one
or more of these preslaughter strategies has the poten-
tial to synergistically reduce the incidence of human
food-borne illnesses by erecting multiple hurdles
against entry of pathogens into the food chain.
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Introduction

Americans expect and demand a safe food supply; yet
each year, more than 76 million citizens become ill from
consuming foods contaminated with pathogenic bacte-
ria (Mead et al., 1999). Many of these outbreaks have
been linked to meat products or to contact with food
animals or their waste. Human illnesses caused by the
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most common food-borne pathogens cost the U.S. econ-
omy approximately $7 billion and result in 1,600 deaths
each year (ERS/USDA, 2001). The most economically
important agents of food-borne illness in the United
States are Campylobacter, Salmonella, enterohemorr-
hagic Escherichia coli (including O157:H7), and Liste-
ria (ERS/USDA, 2001). All of these bacterial species
can be found in the gastrointestinal microbial popula-
tions of food animals.

Traditionally, much of the research effort aimed at
improving the safety of meat products has focused on
postslaughter sanitation. Postslaughter antimicrobial
treatments in processing plants reduce carcass contam-
ination (Elder et al., 2000), but consumers are still sick-
ened by food-borne pathogenic bacterial outbreaks. Un-
til recently, little emphasis was placed on the develop-
ment of intervention strategies in the live animal prior
to slaughter; however, this has changed, with an in-
creased emphasis on preslaughter intervention
strategies.

Human pathogens present in the food animal gastro-
intestinal tract are often difficult to diagnose on the
farm because they often have little or no impact on
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animal health and/or production and are often shed
sporadically. Because fecal shedding is correlated with
carcass contamination (Elder et al., 2000), the role of
the live animal in the production of a safe and whole-
some food product is critical. Therefore, strategies that
reduce food-borne pathogenic bacterial populations in
the animal prior to slaughter could produce “the most
significant reduction in human exposures to the organ-
ism and therefore reduction in related illnesses and
deaths,” according to Hynes and Wachsmuth (2000).

Probiotic Methods to Reduce Food-Borne Pathogens

The use of microflora to reduce pathogenic bacteria
(including food-borne pathogens) in the gut has been
termed a “probiotic” strategy (Fuller, 1989). The overall
goal of this strategy is to promote the growth of groups
of bacteria that are competitive with, or antagonistic
to, pathogenic bacteria. Various probiotic techniques
involve introducing a “normal” microbial population to
the gastrointestinal tract or providing a limiting nutri-
ent (sometimes termed a “prebiotic”) that allows an
existing commensal microbial population to expand its
role in the gastrointestinal tract. The goal of these
methodologies is to fill all microbial ecological niches
and thereby prevent the establishment of an opportu-
nistic pathogenic bacterial population. However, probi-
otics have not always been widely commercially imple-
mented, often due to the concurrent use of noncompli-
mentary strategies (e.g., antibiotic use can dramatically
decrease the effectiveness of competitive exclusion or
prebiotics) (Steer et al., 2000). Due to increasing fears
over the spread of antimicrobial resistance, it is ex-
pected in the future that antibiotics will become more
closely regulated and expensive, causing probiotic
strategies to become more effective and more widely
accepted in the animal industry.

Competitive Exclusion

In neonates, the digestive tract is initially sterile, but
it is rapidly colonized by a characteristic gastrointesti-
nal microflora from the environment or the dam (Jayne-
Williams and Fuller, 1971; Fuller, 1989). When this
population becomes established, the animal is more in-
fection-resistant, especially to bacteria that colonize the
gastrointestinal tract (Fuller, 1989). This effect of the
natural microbial population has been variously de-
scribed as “bacterial antagonism” (Freter et al., 1983),
“bacterial interference” (Dubos, 1963), the “barrier ef-
fect” (Fedorka-Cray et al., 1999), or competitive exclu-
sion (Lloyd et al., 1977).

Competitive exclusion (CE), as a technology, involves
the addition of nonpathogenic bacterial culture to the
intestinal tract of food animals in order to reduce coloni-
zation or decrease populations of pathogenic bacteria
in the gastrointestinal tract (Fuller, 1989; Nurmi et
al., 1992; Steer et al., 2000). The CE culture may be
composed of a single specific strain or may be composed

of several strains or even several species of bacteria.
Depending on the stage of production (maturity of the
gut), the goal of CE can be the exclusion of pathogens
from the naive gut of a neonatal animal, or the displace-
ment of an already established pathogenic bacterial
population (Nurmi et al., 1992).

Potential Modes of Competitive Exclusion Action. En-
dogenous gastrointestinal bacteria compete fiercely
with one another for available nutrients (Hungate,
1966). The species best adapted to each niche flourishes
in the intestinal tract. Introduction of a stable, mixed
microbial consortium to the naive gut can aid in the
early establishment of a normal microbial population
and can create a highly competitive environment that
may prevent the establishment of a pathogenic bacte-
rial population (Nurmi et al., 1992; Crittenden, 1999;
Steer et al., 2000).

As the normal (or CE) bacterial population increases
throughout the gut, bacteria attach to the surface of the
intestinal epithelium (Lloyd et al., 1974). This direct,
physical binding can prevent opportunistic pathogens
from obtaining a physical attachment site along the
intestinal epithelium (Collins and Gibson, 1999). Vola-
tile fatty acids are produced by the gastrointestinal
microbial fermentation of carbohydrates or proteins
and can be toxic to some species of bacteria, including
the pathogenicbacteria E. coli 0157:H7 and Salmonella
(Wolin, 1969; Barnes et al., 1979; Prohaszka and Baron,
1983). Some bacteria produce antimicrobial compounds
(traditional antibiotics, as well as bacteriocins or col-
icins) in order to eliminate competitive bacteria (Jack
et al., 1995); these antimicrobial-producing species can
be used to eliminate food-borne pathogenic bacteria.
Intestinal microflora also produce vitamins that aid in
the development of a healthy, vascularized intestinal
epithelium with increased numbers of microvilli, and
therefore, increased nutrient absorptive capacity (Col-
lins and Gibson, 1999), potentially improving animal
production efficiency as an added benefit of CE
treatment.

Competitive Exclusion Applications. Providing a mix-
ture of bacteria from healthy adult birds to newly
hatched chicks (CE) provided an anti-Salmonella effect
(Nurmi and Rantala, 1973; Nurmi et al., 1992). The
beneficial effect in poultry has been widely repeated in
many countries, leading to the development of several
commercial CE products (Fuller, 1989; Nurmi et al.,
1992). Recent studies demonstrating the effectiveness
of CE in reducing Salmonella colonization of chicks
have led to the commercial development in the United
States of a mixed-culture CE product, comprised of sev-
eral defined species of bacteria (Preempt, MS BioSci-
ence, Dundee, IL) (Nisbet et al., 1993a,b; 1996).

Treatment of swine with pure cultures of Streptococ-
cus faecium reduced enterotoxigenic E. coli colonization
and diarrhea (Underdahl et al., 1982; Ushe and Nagy,
1985). Other researchers have successfully demon-
strated that a mucosal CE culture (mixed-CE culture)
could effectively reduce Salmonella populations in ex-
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perimentally infected piglets (Fedorka-Cray et al.,
1999). Recently, a CE treatement for swine has been
derived from the colonic contents of healthy pigs that
reduces the incidence of Salmonella cholerasuis (Ander-
son et al., 1999) and enterotoxigenic E. coli (Genovese
et al., 2000).

Competitive exclusion cultures have also been used
to reduce E. coli O157:H7 in cattle (Zhao et al., 1998).
Researchers isolated a defined population of multiple
non-0O157:H7 E. coli strains from naturally E. coli
0O157:H7-free cattle and found that this generic E. coli
culture could displace established E. coli O157:H7 pop-
ulations from cattle (Zhao et al., 1998). In more recent
studies, other CE researchers have found that Lactoba-
cillus acidophilus cultures (single strain addition)
added to the feed of finishing cattle reduced E. coli
0157:H7 shedding by more than 50% (Brashears and
Galyean, 2002). These results indicate that CE could
be a useful compliment to in-plant intervention strate-
gies by reducing the levels of pathogenic bacteria enter-
ing the abattoir. In spite of the beneficial results of CE
in several species of animals, “real-world” results have
often been inconsistent and contradictory, sometimes
due to interactions with other incompatible manage-
ment strategies (e.g., antibiotic treatment) (Steer et
al., 2000).

Prebiotics

Sugars or other organic compounds that are not di-
gestible by the host animal, but are digestible by a
segment of the microbial population are generally
known as prebiotics (Walker and Duffy, 1998; Steer et
al., 2000). Prebiotics have been used in humans in an
effort to promote intestinal health (Crittenden, 1999).
Fructooligosaccharides (FOS), for example, are sugars
that are not degraded by intestinal enzymes that can
pass down to the cecum and colon to become “colonic
food” (Willard et al., 2000). Alternatively, other sugars
can be used, such as galactooligosaccharides or inulin.

Prebiotics can provide energy and/or other limiting
nutrients to the intestinal mucosa and substrates for
the colonic/cecal bacterial fermentation to produce vita-
mins and antioxidants that further benefit the host
animal (Collins and Gibson, 1999; Crittenden, 1999).
Additionally, some prebiotics can provide specific mem-
bers of the native microflora (e.g., Bifidobacteria, Lacto-
bacillus) a competitive advantage (Willard et al., 2000)
that can exclude pathogenic bacteria from the intestine
via direct competition for nutrients or for binding sites
through the production of “blocking factors” in a fashion
similar to CE (Zopf and Roth, 1996). An additional bene-
fit of prebiotic treatment is that some bacterial species
that are provided a competitive advantage can produce
antimicrobial substances (e.g., bacteriocins, colicins)
that can directly inhibit pathogenic bacteria. An addi-
tional consideration for ruminants is that prebiotics
must be able to bypass ruminal microbial degradation,
requiring specific strategies tailored to allow sufficient

quantities to reach the ruminant intestine. Coupling
the use of CE and prebiotics (known as synbiotics) could
yield a synergistic effect in the reduction of food-borne
pathogenic bacterial populations in food animals prior
to slaughter.

Antimicrobial Strategies to
Reduce Food-Borne Pathogens

Antibiotics have often been thought of as a direct
method to alter the microbial ecology of the intestinal
tract. But the use of medically important antibiotics as
growth promoters has become highly controversial in
recent years, and is likely to become more so in the
near future following recent regulatory action by the
European Union. Bacteria have many complex mecha-
nisms to resist antibiotics, and the widespread use of
antibiotics in both human medicine and animal agricul-
ture has led to the widespread dissemination of antibi-
otic resistance genes. Because of concern over the
spread of antibiotic resistance, it is likely that the pro-
phylactic use of antibiotics as growth promoters in food
animals will become even more highly regulated, or
even completely prohibited.

Antibiotics. Antibiotics have been widely used to con-
trol disease in both man and animals and to increase
animal growth rate and/or efficiency. In spite of the
common use of antibiotics in animals, it is sometimes
difficult to target bacteria with antibiotics because they
fall into diverse groups; therefore, broad-spectrum anti-
biotics are often included in animal rations. Antibiotic
treatment to control gastrointestinal pathogens (in-
cluding food-borne pathogens) can so disrupt the intes-
tinal microbial ecosystem that opportunistic pathogens
can occupy niches from which they would ordinarily be
excluded. This can deleteriously impact animal health,
performance, and food safety. This consideration, in
addition to concerns about the role of subtherapeutic
antibiotic treatment in the spread of antibiotic resis-
tance (Witte, 2000), raises further concerns about the
use of antibiotics to control food-borne pathogenic bac-
teria in the animal.

In spite of these potential drawbacks to antibiotic
treatment, recent research has found that some antibi-
otics do have the potential to improve food safety at
the live animal level. Neomycin sulfate is an antibiotic
approved for use in cattle and has a 24-h withdrawal
period. Cattle were fed neomycin for 48 h and went
through a 24-h withdrawal period; they shed signifi-
cantly lower generic E. coli and E. coli O157:H7 popula-
tions in their feces (Elder et al., 2002). After 5 d of
neomycin withdrawal, generic E. coli populations had
returned to near pretreatment levels, but E. coli
O157:H7 populations remained nearly undetectable
(Elder et al., 2002). The use of neomycin sulfate treat-
ment to reduce E. coli O157:H7 populations has the
benefit of being readily available to the industry at the
present time until other strategies become market
ready.
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Other antimicrobial compounds are routinely incor-
porated into animal diets to improve animal health and/
or growth performance. Ionophores are antimicrobials
not related to antibiotics used in human medicine and
thus do not appear to lead to an increase in antibiotic
resistance. Monensin, the most widely used ionophore,
has been used both as a coccidiostat in poultry and as
a growth promoter in ruminants (Russell and Strobel,
1989). Because they are potent antimicrobials that are
approved for use in food animals, it was hypothesized
that ionophores could be used to control food-borne
pathogenic bacteria populations. Unfortunately, be-
cause of the physiology of some common food-borne
pathogens, it does not appear that ionophores reduce
food-borne pathogenic bacteria populations (Busz et
al., 2002).

Bacteriophages. Bacteria can be infected by bacterial
viruses (or bacteriophages) that have very narrow tar-
get spectra, and some phages may be active against
only a specific strain. This high degree of specificity
allows phages to be used against targeted microorgan-
isms in a mixed population without disturbing the mi-
crobial ecosystem, and phages have been used instead
of antibiotics to treat human diseases in many parts of
the world. Bacteriophages are common natural mem-
bers of the gastrointestinal microbial ecosystem of food
animals (Adams et al., 1966; Orpin and Munn, 1973;
Klieve and Bauchop, 1988).

Phages recognize specific receptors on the outer sur-
face of bacteria and inject their DNA into the host bacte-
rium, which incorporates phage DNA into its chromo-
some. Once inserted into the chromosome, the phage
“hijacks” the bacterium’s biosynthetic machinery to
make more phages. When intracellular nutrients are
exhausted by phage replication, the host bacterium ex-
plodes (lyses), releasing thousands of new phage parti-
cles to repeat the process. An exponential increase in
the number of phages continues as long as target bacte-
ria are present and allows phages to persist in the gut
rather than simply degrade over time as antibiotics do.
However, phage populations are limited; if the target
bacterium is removed from the environment, then
phage populations diminish.

Bacteriophages have been used to control food-borne
pathogenic bacteria in several species of food animals,
and have been used against specific animal pathogens
(Smith and Huggins, 1987; Kudva et al., 1999; Huff et
al., 2002). Several research studies have examined the
effect of phages on conditions or diseases that impact
production efficiency or animal health (Smith and Hug-
gins, 1982; 1983; Huff et al., 2002). The effectiveness
of phage treatment in real-world conditions has been
variable to date; therefore, more basic work needs to
be completed before bacteriophages can be considered
a viable method to control populations of food-borne
pathogenic bacteria in food animals.

Specific Inhibition of Pathogens via Metabolic Path-
ways. Salmonella and E. coli, among other bacteria,
can respire under anaerobic conditions by converting

nitrate to nitrite via a dissimilatory nitrate reductase
(Stewart, 1988). The intracellular bacterial enzyme ni-
trate reductase does not differentiate between nitrate
and its analog, chlorate, which is reduced to chlorite
in the cytoplasm; chlorite accumulation kills bacteria
(Stewart, 1988). Chlorate addition to swine diets re-
duced experimentally inoculated Salmonella and E. coli
0157:H7 fecal and intestinal populations (Anderson et
al., 2001a,b). Other studies demonstrated that chlorate
administered in drinking water significantly reduced
E. coli O157:H7 populations in both cattle and sheep
in the rumen, intestine, cecum, and feces (Callaway et
al., 2002a). Preliminary results examining the use of
chlorate in broilers and in turkeys have yielded promis-
ing results as well (J. A. Byrd, unpublished data).

Chlorate treatment does not appear to have an im-
pact on the ruminal or the cecal/colonic fermentation
in ruminants or monogastrics (Callaway et al., 2002a).
It also appears that selection of chlorate-resistant mu-
tants is not likely because chlorate resistant mutants
are incapable of competing effectively against the intes-
tinal microbial population (Callaway et al., 2001). Be-
cause of the dramatic impact chlorate has on food-borne
pathogenic bacterial populations in the gut of food ani-
mals, it has been suggested that chlorate could be sup-
plemented in the last meal prior to shipment to the
slaughterhouse (Anderson et al., 2000). At the current
time, however, the use of chlorate in food animals is
under review by the U. S. Food and Drug Administra-
tion, but it has not been approved for use in food
animals.

Immunization to Prevent Pathogen Colonization. Be-
cause food animals can be reservoirs of pathogenic bac-
teria, methods to exploit the animal’s own immune sys-
tem to reduce pathogen load have been studied. Specific
immunization against pathogenic bacteria has shown
great promise in reducing the levels of disease-causing
pathogens in food animals. Vaccines against Salmo-
nella strains responsible for disease have been devel-
oped for use in swine and dairy cattle (House et al.,
2001). Vaccination has also been successfully used to
combat postweaning E. coli edema disease in young
pigs (Gyles, 1998). The introduction of “edible vaccines”
has the potential to make immunization of food animals
economically viable for many diseases, including food-
borne pathogens.

Recently, a vaccine has been developed for cattle that
reduced fecal E. coli O157:H7 shedding (B. Finley and
A. Potter, personal communication). Preliminary stud-
ies have indicated that this vaccine is effective, and
large-scale field trials are scheduled to begin in the
summer of 2002. However, because E. coli O157:H7 and
other enterohemorrhagic E. coli are shed sporadically
by cattle, it appears that natural exposure to E. coli
0157:H7 does not confer protection to the host (Gyles,
1998). In a similar manner, Salmonella can survive in
an animal that has developed an antigenic response to
Salmonella for extended periods of time (Gyles, 1998).
Therefore, while some technical issues remain to be
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resolved, the use of vaccination to reduce food-borne
pathogens appears to hold promise, and has an added
benefit in that vaccination could be used synergistically
with other pathogen reducing technologies.

Dietary and Management Effects

Good animal management is crucial to the production
of healthy, efficient animals. Yet it has not been conclu-
sively demonstrated whether specific management
strategies can directly impact shedding or carriage of
food-borne pathogens found in animals. However, re-
ducing the multiplication of pathogens in feed and wa-
ter may reduce exposure and horizontal and vertical
transmission of pathogens to and between animals
(Hancock et al., 1998).

Dietary Strategies to Reduce E. coli O157:H7 Popula-
tions in Cattle. Feeding grain to cattle has a significant
effect on the ruminal microbial ecosystem and overall
animal health (Russell and Rychlik, 2001). Cattle in
the United States are often fed high- grain rations in
order to maximize growth efficiency (Huntington,
1997). Some dietary starch bypasses ruminal fermenta-
tion and passes through to the cecum and colon where it
undergoes microbial fermentation (Huntington, 1997).
Studies have indicated that varying the forage to grain
ratio in cattle rations can have a marked effect on popu-
lations of E. coli. Some early studies indicated that
reducing hay, over feeding grain, or switching from a
better- to poorer-quality forage increased generic E. coli
and/or O157:H7 populations (Brownlie and Grau, 1967,
Allison et al., 1975; Kudva et al., 1995; 1996).

In recent research, cattle fed a feedlot-type ration
had generic E. coli populations 1,000-fold higher than
cattle fed only hay (Diez-Gonzalez et al., 1998). When
cattle were abruptly switched from a finishing ration
to a 100% hay diet, fecal E. coli populations declined
1,000-fold, and the population of E. coli resistant to
an “extreme” acid shock (similar to that of the human
stomach) declined more than 100,000-fold within 5 d
(Diez-Gonzalez et al., 1998). Based on these results, the
authors suggested that feedlot cattle be switched from
high-grain diets to hay prior to slaughter to reduce E.
coli populations entering the abattoir (Diez-Gonzalez
et al., 1998). In a very well-controlled study, Keen et al.
(1999) screened cattle on a high-grain diet for natural E.
coli O157:H7 contamination. These cattle were divided,
with one group maintained on a feedlot ration and the
other abruptly switched to hay; 52% of the grain-fed
cattle were positive for E. coli 0157:H7 compared with
18% of the hay-fed cattle (Keen et al., 1999). Additional
research with experimentally inoculated calves indi-
cated that animals fed a high-concentrate diet consis-
tently shed more E. coli O157:H7, and that isolates
grown in ruminal fluid from grain-fed animals were
more resistant to an acid shock than those grown in
hay-fed ruminal fluid (Tkalcic et al., 2000). Gregory et
al. (2000) stated that “the most effective way of manipu-
lating gastro-intestinal counts of E. coli was to feed

hay.” However, other research groups have produced
contradictory results indicating that forage feeding ei-
ther had no effect or increased E. coli 0157:H7 shedding
(Hovde et al., 1999; Buchko et al., 2000a,b). Therefore,
although it appears from most of the available litera-
ture that forage feeding does reduce E. coli populations
(Callaway et al., 2002b), the debate is by no means
complete.

In spite of the benefits potentially offered by feeding
forage, the effect of hay feeding on weight gain and
carcass characteristics has not been systematically ex-
amined. Recent research indicated that a switch to for-
age did not have a dramatic impact on carcass charac-
teristics or final BW (Stanton and Schutz, 2000). How-
ever, other researchers have found that a switch to hay
feeding resulted in a lower carcass weight (Keen et al.,
1999). Thus, the economic impact of a switch from grain
to forage must be carefully considered.

Water Troughs as a Source of Transmission? Cattle,
as well as people, can be infected by pathogens via a
water-borne route (Jackson et al., 1998; Shere et al.,
2002). Researchers have demonstrated that cattle wa-
ter troughs can be reservoirs of E. coli O157:H7 (Led-
eune et al., 2001). Although the significance of this route
of horizontal transmission has not been conclusively
proven, interventions at the pen level offer significant
promise to reduce pathogen contamination of animals
(LeJeune et al., 2001). Further research into keeping
pathogens from surviving in the water supply can po-
tentially increase food safety by reducing the food-borne
pathogen horizontal transmission.

Implications

Access to a safe and wholesome food supply is crucial
to the American public, and the food supply in the
United States is indeed the safest in the history of the
world. Yet food-borne illnesses still occur, and these
are often associated with products derived from animal
agriculture. Although the meat industry has continu-
ously sought improvement in the safety of its products,
much of the research has focused on postslaughter
strategies. Until recently preslaughter intervention
points have not been given full consideration as meth-
ods to improve food safety. The use of vaccination, prebi-
otics, competitive exclusion, antibiotics, antimicrobials,
dietary practices, and good animal management can
potentially reduce the incidence of food-borne patho-
genic bacteria that enter the abattoir. Further research
into interventions that take advantage of this pre-
slaughter “critical control point” is crucial to improving
overall food safety.
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ABSTRACT: Genomics and computing are closely in-
terrelated in beef cattle improvement. Both require the
prior definition of breeding objectives, both can be used
to carry out genetic evaluations of economically im-
portant traits, and both can be used in the development
of selection tools for sires and dams. Effective use of
both requires accurate specification of the desired prod-
uct, an optimal production program, and crossbreeding
structure. Optimizing the genetic component of produc-
tion requires information on traits of economic impor-
tance, identification and relationships of animals, infor-
mation on candidate and marker genes, and informa-
tion on economics. Genomic information can be used
for strategies involving identified allele deletions, iden-

tified allele introgressions, marker-assisted introgres-
sion, and marker-assisted selection. Techniques are be-
ing developed to combine genotypic data and quantita-
tive data into genetic evaluations, although more
developments are needed to optimize the use of these
techniques across the range of beef traits varying in
economic importance and cost of measurement. The
genetic component of economical production of specified
products can be optimized with customized selection
programs. An example is presented in which perfor-
mance levels are predicted from genetic evaluations
based on quantitative and genomic information. The
implications for selection within a seedstock population
are also discussed.
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Introduction

Recent developments in molecular genetics and com-
puting have provided new opportunities for optimizing
the genetic component for efficient beef production. At
the same time, there is increasing interest in more ex-
actly specified beef products, as indicated for example in
the description of certified beef programs by the USDA
(2002).

The objectives of this article are to provide a brief
review of new developments in molecular genetics and
computing, to discuss the interrelationships of these
developments, and to discuss strategies for utilizing
these new developments in the context of improving the
efficiency of producing a clearly specified beef product.

Specification of the Product and Production Program

The importance of specifying the economic value of
the carcass in terms of weight and intramuscular fat
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when selecting sires has been shown by Wade et al.
(2001). In general, specifications could include carcass
weight, intramuscular fat, indicators of tenderness, or
other criteria as dictated by consumer demand. Many
of these are included to varying degrees in certification
criteria (USDA, 2002) and may have genetic compo-
nents.

Discussion of optimizing genetics requires consider-
ation of the production environment (Wilton, 1986;
1990). One major component of the production program
is the crossbreeding structure being used, whether a
rotational cross, terminal cross, or composite. Expres-
sions of traits at the phenotypic level are clearly depen-
dent on combinations of breeds as well as the genetics
of individual animals. Selection objectives in genetic
populations (breeds for example) depend on the use of
those populations in crossbreeding. Selection objectives
for populations used as either terminal or maternal
populations in terminal crossing differ from each other
and from those for populations used in rotational cross-
ing.

Another major component of the production program
is the nutritional regimen. Nutritional effects on car-
cass traits have been shown by many researchers, such
as Mandell and Aalhus (2000). The combined effect of
genetics and nutrition is a particularly important con-
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sideration in genetic improvement in situations in
which the absolute level of performance of commercial
progeny is important, as it is in cases of optimal carcass
weight, for example.

Optimization of Genetics

Genetic improvement through selection is dependent
on changing allelic frequencies. Changes in allele fre-
quencies can be considered for both simple gene effects
and for multiple, or quantitative, gene effects. Genetic
improvement through intra- or interlocus allele or gene
combination effects involves both measurements of in-
teractions and optimization of heterosis. Overall ge-
netic optimization involves matching genetics with en-
vironment, or more specifically, with management, nu-
trition, and marketing programs, as described by
Wilton (1986).

Genomic Strategies

There are two basic strategies for improving the ge-
netics of populations with genes of known location, ei-
ther identified allele elimination or identified allele in-
trogression. Identified allele elimination is basically the
elimination of genetic defects and is important when
there is complete dominance of an allele at a locus.
Some examples of testing services for cattle are for
protoporyphria, bovine leucocyte adhesion deficiency,
citrullinaemia, complex vertebral malformation, defi-
ciency of uridine monophosphate, and Pompe’s disease
(Bova-Can, 2002; ImmGen, 2002). This genomic infor-
mation makes possible the use of strategies to eliminate
or at least reduce heterozygotes for breeding purposes.

Identified allele introgression basically involves in-
creasing the frequency of a desirable allele. One exam-
ple is the identification of mutations in the myostatin
gene (Kambadur et al., 1997) and the association of
inactivated myostatin with carcass traits (Casas et al.,
1998) and palatability (Wheeler et al., 2001). The strat-
egy suggested by Wheeler et al. (2001), at least within
the Piedmontese that they studied, was the use of homo-
zygous inactivated myostatin genotypes as terminal
sires to produce heterozygous progeny with improved
carcass value. A comprehensive analysis of possible
mating systems by Keele and Fahrenkrug (2001) indi-
cated that the most profitable mating system depended
on price sensitivity to intramuscular fat level and cost
of managing dystocia.

The use of markers for simple gene effects is the same
as for the use of identified genes. The RN gene in pigs
(Mariani et al., 1996) is a marker for meat quality asso-
ciated with glycogen metabolism and the elimination
of heterozygotes can increase the rate of improvement
in meat quality. In beef, a marker for intramuscular
fat as associated with thyroglobulin concentrations has
been reported (Genetic Solutions, 2001). The success of
using this marker has yet to be determined in additional
populations.

The use of markers for quantitative traits is receiving
considerable attention for marker-assisted selection. A
recent example is the search for quantitative trait loci
for both growth and carcass composition within cattle
segregating alternative forms of the myostatin gene
(Casas et al., 2001). This search combines the general
concept of identifying markers for economically im-
portant traits with the specific concept of identifying
these markers within populations segregating for a ma-
jor gene, a possibility indicated earlier by Hanset
(1982). Another interesting example is provided by
Echternkamp et al. (2002). Three markers on chromo-
somes 5 and 7 for ovulation rate and twinning have
been identified and used along with measurements of
ovulation rate and twinning rates in the genetic evalua-
tion and selection of sires in a project designed to in-
crease twinning rate.

Also, recent announcements concerning the identifi-
cation of single-nucleotide polymorphisms of a draft of
the bovine genome (Adam, 2002) offer possibilities for
fine mapping and linking of specific genes with meat
quality traits. Considerable research has been done in
the area of combining markers with quantitative data
to improve the accuracy of estimating breeding values,
as reviewed and discussed by Van Arendonk et al.
(1999) and Weller (2001). However, examples of appli-
cations of markers in genetic improvement of commer-
cial beef cattle populations have not yet been reported.

Computing Strategies

Developments in computing have been simultaneous
with developments in genomics. Computing require-
ments have increased for merging genomic or marker
information with quantitative phenotypic information.
New computing possibilities are possible and also
needed to obtain more information on phenotypes.
Some examples are measurement of carcass traits
through video image analysis (Cannell et al., 2002) and
feed intake through electronic feeding equipment
(Schenkel et al., 2002). Such phenotypic data must be
connected to genotypes through pedigree structures
and trace-back mechanisms for commercial data. Com-
plete data on traits such as heifer and cow fertility,
survival rates of cows, and health of both cows and
calves can be obtained only with expanded whole-herd
data recording. More automation is still needed for suf-
ficient data to be collected so that more traits can be
genetically evaluated or for markers or candidate genes
to be identified.

Major developments in computing have taken place
in both database management and Internet use. Speed
of accessing data and transmitting results makes new
approaches in timely genetic evaluation possible. An
example of the simultaneous use of extensive databases
and Internet use is the development and implementa-
tion of a customized sire-selection tool described by Wil-
ton et al. (1998). In this application, net economic values
are calculated for the use of sires in a herd with a
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specified production environment and a specified mar-
ket. The computing algorithm requires that market
prices be stated and that any variations in prices in
the product according to yield, quality, or weight be
considered. Sensitivity of sire rankings to variation in
some of these factors has been shown by Wilton et al.
(2002). Computations also require specification of the
production environment in terms of crossbreeding sys-
tem and feeding programs, along with appropriate
prices.

Phenotypes to be used to obtain net economic values
in this development are predicted from across-breed
genetic evaluations (ABC), computed as described by
Sullivan et al. (1999). Across-breed genetic evaluations
for postweaning growth and ultrasonic backfat at end
of test are used to predict growth rate of steers in the
feedlot and time to market under specified levels of
finish as a marketing criterion. Similarly, ABC for in-
tramuscular fat at end of test are used to predict distri-
butions of progeny for marbling score. The ABC for
longissimus muscle area are used to predict retail yield
of progeny. The ABC for growth rate, ultrasonically
measured backfat, and feed intake (individually avail-
able through computerized feeding systems) are used
to predict feed requirements of progeny in the feedlot.
Similar predictions are used for female progeny in the
herd, with discounted gene flows to account for expres-
sion rates and times. Across-breed evaluations for calv-
ing ease are used to predict costs associated with calving
difficulties; ABC for direct and maternal weaning
weight are used to predict weaning weights of progeny
and ABC for growth to predict cow weight. Further
refinements could be made by obtaining appropriate
data and computing ABC for heifer fertility (Moyer,
2001), cow weight (Mwansa et al., 2002; Rumph et al.,
2002), and survival (Snelling et al., 1995; Mwansa et
al., 2002).

The endpoint of trait measurement is important in
the interpretation and use of ABC in the prediction of
progeny performance. For example, reranking of sires
for retail yield with a change from a time-constant to
a finish-constant basis has been shown by Handley et
al. (1996). Fortunately the equivalence of time-constant
and finish-constant endpoints as a basis for comparison
was shown by Wilton and Goddard (1996) to be valid if
time, weight, and finish are considered simultaneously
and if production programs are optimized. Consistent
time-constant ABC are used in the customized sire se-
lection approach described by Wilton et al. (1998) and
are the values used in the discussion to follow.

Net economic values for two bulls assuming two dif-
ferent price grids are given in Table 1, adapted from
Wilton et al. (1998), as an example of the importance
of customization. The first price grid is primarily based
on prices relative to the carcass being a product, with
little differentiation in prices for weight and no differen-
tiation in prices for intramuscular fat, and is considered
a “commodity” grid. The second price grid is based on
greater differentiation of prices of the product based

on weight and intramuscular fat and is considered a
“quality” grid. In this example, the sire with the higher
genetic evaluation for growth has the higher net eco-
nomic value for the commodity grid, whereas the sire
with the higher genetic evaluation for intramuscular fat
has the higher net economic value for the quality grid.

The example used is based on choosing sires for speci-
fied production programs and market prices and can be
repeated for a variety of programs and prices, making
customization possible. As such, the example illustrates
the use of computing strategies to optimize genetics by
matching with the production and marketing environ-
ment. Specific levels of traits for individual herds can
be obtained by linking to databases on performance
measurements of animals in the herd. Choice of sires
for use in those herds is made possible through linkage
to databases on sires. The customization process de-
scribed has been adapted for Internet use to provide
timely rankings of sires (BIO, 2002).

Combining Genomic and Computing Strategies

Discovery of identifiable genes of economic impor-
tance depends on both molecular genetic techniques
and measurements of phenotypes, linked by pedigree
information. Databases for both genomic and pheno-
typic information are necessary. Computing strategies
are critical for accumulation of phenotypic information
on a multitude of traits as well as on pedigree informa-
tion. Computing strategies are increasingly important
for the incorporation of a marker or any genomic infor-
mation into genetic evaluations. Genetic evaluations
based on both quantitative and genomic information
can be used in computing strategies to optimize genetics
in terms of selection and mating systems for clearly
specified products, as well as clearly defined production
environments. Additional research is required to de-
velop complete genetic improvement strategies in the
beef industry.

Implications

Increases in knowledge of genomics and computing
and development of strategies for their combined use
can lead to improvements in optimizing the genetic
component in the production of desired beef products.
More efforts are required in the measurement and re-

Table 1. Net economic values and across-breed
comparisons for two bulls for two price grids

Bull 1 Bull 2

Across-breed comparison
Postweaning gain, kg 79 13
Backfat depth, mm 0.4 1.0
Intramuscular fat, % 0.1 0.7
Net economic value

Commodity grid $3,642 $1,429

Quality grid $639 $4,327
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cording of an expanded range of traits, establishment
of databases, improved evaluation techniques incorpo-
rating quantitative and genomic information, quantify-
ing of genotype x environment interactions, and cost-
effectiveness of the various strategies to make these
improvements a reality.
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ABSTRACT: Intake by beef cattle fed high-concen-
trate, grain-based diets is likely controlled primarily
by metabolic factors and not limited by bulk fill. None-
theless, small increases (e.g., 5% of dry matter or less)
in the concentration of bulky roughage and changing
from less fibrous to more fibrous sources of roughage
typically increase dry matter intake (DMI) by feedlot
cattle. Reasons for increased DMI with changes in
roughage level and source are not understood fully.
Energy dilution effects caused by added dietary fiber
might be responsible for altered DMI, but the quantity
of dietary net energy for gain provided by roughage
shows little relationship to changes in DMI with rough-
age source and level. Altered rate of ruminal acid pro-
duction as a result of roughage source and level might
affect DMI through various mechanisms, including in-
creased chewing and/or rumination with increased sa-
liva flow; altered ruminal and/or intestinal digesta ki-
netics; and altered site and extent of digestion. We hy-
pothesized that much of the effect of roughage source
and level on DMI by feedlot cattle could be accounted
for by changes in dietary neutral detergent fiber (NDF).
Data from 11 published trials involving roughage
source and level effects on intake by feedlot cattle were
compiled. The dataset included 48 treatment means,

with roughage sources such as hays, straws, byprod-
ucts, and silages, and with roughage levels ranging
from 0 to 30% of dry matter. Effects of dietary roughage
level (percentage of dry matter), NDF (percentage of
dietary NDF from roughage), or effective NDF (eNDF,
percentage of dietary eNDF from roughage) and the
random effects of trial on DMI (percentage of body
weight) were evaluated using mixed-model regression
procedures. Tabular values were used to obtain esti-
mates of NDF and eNDF. Using trial-adjusted means,
dietary roughage level accounted for 69.9% of the varia-
tion in DMI, whereas the percentage of dietary NDF
and eNDF supplied by roughage accounted for 92.0 and
93.1%, respectively, of the variation in DMI. The rela-
tionship between dietary NDF (percentage supplied by
roughage) and DMI (percentage of body weight) for
trial-adjusted data was given by: DMI = 1.8562 -
(0.02751 x NDF) (P < 0.01; root mean square error =
0.0447); intercepts differed (P < 0.02) among trials, but
slopes did not (P > 0.18). Based on these results, the
percentage of NDF supplied by roughage in diets can
be used to predict effects of roughage source and level
on DMI by feedlot cattle, and NDF supplied by roughage
might be a useful method for exchanging roughage
sources in finishing diets.

Key Words: Beef Cattle, Fiber, Intake, Roughage
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Introduction

Adding a low percentage of roughage to high-concen-
trate diets helps prevent digestive upsets and maxi-
mizes energy (NEg) intake by feedlot cattle. In a recent
survey of 19 consulting nutritionists in the major cattle
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feeding states, Galyean and Gleghorn (2001) reported
that finishing diets contained from 4.5 to 13.5% (DM
basis) roughage (mean = 8.89%, mode =9%), with alfalfa
hay and corn silage being the most common sources.
Both roughage level and source influence DMI, and
thereby NEg intake (Defoor et al., 2002), which ulti-
mately affects feedlot performance and carcass charac-
teristics; however, reasons for the effects of roughage
on feed intake are not fully understood. Physical and
chemical characteristics of roughages, such as bulk den-
sity and concentrations of fiber (e.g., NDF) and other
nutrients are likely involved (Defoor et al., 2002), and
effects of roughage on DMI also seem to be associated
with differences in ruminal fermentation and digesta
kinetics. Nonetheless, the specific ways by which these
roughage characteristics affect DMI have not been suf-
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ficiently quantified to allow for prediction of differences
in DMI among roughage sources and levels that occur
in practice. This review will summarize the results of
research in which different roughage sources and levels
have been fed in high-concentrate diets for feedlot cat-
tle. In addition, we will examine the role that the NDF
supplied by roughage plays in contributing to differ-
ences in DMI among roughage sources and levels and
the biological basis for the effects of roughage in feed-
lot diets.

Effects of Roughage Source and Level
on Dry Matter Intake by Feedlot Cattle

Several studies have investigated the effects of rough-
age source and/or level on DMI and performance by
feedlot cattle fed high-concentrate diets. Gill et al.
(1981) used 240 steers in a 121-d feeding trial to evalu-
ate five roughage levels (8, 12, 16, 20, and 24% of DM)
in diets based on high-moisture corn, steam-flaked corn,
or a 50:50 mixture (DM basis) of high-moisture and
steam-flaked corn. Roughage was a mixture of alfalfa
(Y5 on a DM basis) and corn silage (%5 on a DM basis).
Across grain type, increasing roughage level increased
DMI, but effects on ADG and feed:gain (F:G) depended
on grain type, with 8, 12, and 16% roughage being opti-
mal for steam-flaked corn, the 50:50 mixture, and high-
moisture corn grain types, respectively. Kreikemeier et
al. (1990) fed steam-rolled wheat diets with 0, 5, 10, or
15% roughage (DM basis; 50:50 mixture of alfalfa hay
and corn silage) to finishing beef steers. Daily DMI
increased linearly (P = 0.08) with increasing roughage
level. Similar to the results of Gill et al. (1981) with
steam-flaked corn, ADG and gain:feed ratio were opti-
mized with the 5 and 10% roughage levels.

Bartle et al. (1994) fed alfalfa and cottonseed hulls
at 10, 20, or 30% of the dietary DM to finishing beef
cattle. Within each roughage level, DMI was less and
efficiency of gain was greater for cattle fed the alfalfa
than for cattle fed the cottonseed hull diets. Across
roughage level, DMI increased at a faster rate for cot-
tonseed hull diets than for alfalfa diets (approximately
0.10 vs. 0.05 kg of DMI for each 1% increase in roughage
level). Assuming that cattle fed high-concentrate diets
attempted to eat to a constant energy level, the greater
rate of change with cottonseed hulls might have re-
flected a greater rate of dietary energy dilution as the
level of cottonseed hulls increased compared with al-
falfa. The energy dilution with cottonseed hulls should
be accounted for, in part, by its higher NDF concentra-
tion compared with alfalfa, such that a smaller percent-
age of cottonseed hulls would be needed to provide the
same intake of NDF as a larger percentage of alfalfa.
Bartle et al. (1994) reported that ADG was similar for
cattle fed 10 and 20% alfalfa; however, cattle fed the
30% alfalfa diets gained less than those fed the 10 and
20% alfalfa diets, evidently because they could not con-
sume enough DM to compensate for the energy dilution.
Cattle consuming the 10% cottonseed hull diets gained

at a rate similar to cattle consuming the 10 and 20%
alfalfa diets. Because of the greater rate of energy dilu-
tion per unit of cottonseed hulls, however, the cattle
consuming the 20 and 30% cottonseed hull diets could
not consume enough DM to express their potential for
ADG. We interpret these data to indicate that one step
toward describing effects of roughage source and level
on DMI might be to equalize the dietary percentage of
NDF supplied by roughage.

Guthrie et al. (1996) fed heifers diets with alfalfa,
cottonseed hulls, and sorghum sudangrass hay at either
7.5 or 15% of DM in whole shelled corn-based diets.
The DMI and ADG were greater by heifers fed the cot-
tonseed hull and sorghum sudangrass hay diets than
by those fed alfalfa. Results of this experiment indicated
the possibility that cattle might sometimes overcom-
pensate for energy dilution associated with different
roughage sources. Guthrie et al. (1996) compared DMI,
ADG, and F:G by cattle consuming alfalfa at 10% and
sorghum sudangrass hay at 5, 7.5, and 10% of dietary
DM. Dry matter intake and ADG by cattle fed the three
levels of sorghum sudangrass hay were greater than
by those fed the alfalfa diet, but F:G did not differ
among diets. Calculated dietary NDF concentration
(NRC, 1996) was slightly less for the 5% sorghum su-
dangrass hay diet than for the 10% alfalfa diet; how-
ever, DMI per unit of BW was similar for these two
treatments (1.89 and 1.87% of BW for 5% sorghum su-
dangrass hay and 10% alfalfa, respectively).

Theurer et al. (1999) fed alfalfa, cottonseed hulls, and
wheat straw to steers as the roughage source in three
finishing diets. All three diets contained a base concen-
tration of 6% alfalfa and were formulated to supply an
equal percentage of NDF from roughage by adding an
additional 6% alfalfa, 2.8% cottonseed hulls, or 3.7%
wheat straw. Adding 2.8% cottonseed hulls or 3.7%
wheat straw was as effective for maintaining DMI and
ADG as adding an additional 6% alfalfa, indicating that
low-quality roughage sources generally have a higher
roughage value than higher quality forages and that
much of this effect can be attributed to differences in
concentrations of NDF.

Shain et al. (1999) fed 224 yearling steers either dry-
rolled corn-based diets with no roughage or diets bal-
anced to provide equal percentages of NDF from alfalfa
and wheat straw. Roughage sources were ground to
pass through 0.95-, 7.62-, or 12.7-cm screens. The al-
falfa and wheat straw contained 42.8 and 82.0% NDF
and were included at 10 and 5.2% of dietary DM, respec-
tively, to provide equal levels of NDF from roughage.
Dry matter intake was least for cattle fed the all-concen-
trate diet, but did not differ between alfalfa and wheat
straw across chop lengths. Cattle fed the alfalfa diets
gained faster and were more efficient than those fed
the wheat straw diets, regardless of chop length. No
differences in ADG or F:G were detected between steers
fed wheat straw and the all-concentrate diet, and alter-
ing roughage particle size (chop length) had no effect
on ADG or F:G. Reasons for the differences noted by



E10 Galyean and Defoor

Shain et al. (1999) in ADG and gain efficiency between
the wheat straw and alfalfa diets are not clear; however,
because the CP concentration, energy density, and DMI
were similar between the diets, it is possible that differ-
ences were attributable to the effects of the roughage
sources on digesta kinetics, as will be discussed in a
subsequent section.

Defoor et al. (2002) used 12 medium-framed beef heif-
ers in three simultaneous, 4 x 4 Latin square intake
trials to evaluate the effects of dietary NDF supply
from alfalfa, sorghum sudangrass hay, wheat straw, or
cottonseed hulls fed in each Latin square at 5, 10, or
15% of the dietary DM. Within each roughage level,
NDF supplied by roughage accounted for the majority of
variation in NEg intake/kg of BW’"% among the sources.
The NEg intake/kg of BW%"® tended (P < 0.10) to be
greater when heifers were fed cottonseed hulls, sor-
ghum sudangrass hay, or wheat straw than when fed
alfalfa. In a second experiment, 105 heifers were used
in a 140-d finishing trial to evaluate methods of dietary
roughage exchange. Alfalfa at 12.5% of the dietary DM
was used as a standard, and cottonseed hulls and sor-
ghum silage were each fed at three different levels com-
pared with alfalfa: 1) an equal percentage of DM basis;
2) an equal NDF from roughage basis; and 3) an equal
NDF from roughage basis, where only NDF from parti-
cles larger than 2.36 mm (ReNDF) were considered to
contribute to the NDF. No differences (P > 0.10) in
DMI, ADG, gain:feed, or NEg intake/kg of BW’ ™ were
detected between alfalfa and cottonseed hulls ex-
changed on an equal NDF basis. With sorghum silage,
exchanging with alfalfa on an equal ReNDF basis re-
sulted in no differences (P > 0.10) in DMI, NEg intake/
kg of BW%" or ADG. Defoor et al. (2002) suggested
that their data provided a preliminary indication that
NDF supplied by roughage and/or roughage NDF from
particles larger than 2.36 mm might provide a useful
index of roughage value in high-concentrate finishing
diets.

Literature data make it clear that roughage source
and level can have substantial effects on DMI by cattle
fed high-concentrate diets. Effects of larger changes in
roughage level (e.g., greater than 5% of DM) on DMI
might simply reflect energy dilution, such that cattle
increase DMI presumably in an attempt to maintain
energy intake. It is doubtful; however, that small
changes in roughage level or changes in roughage
source could affect energy density enough to account
for the relatively large increases or decreases often ob-
served in DMI as a result of these changes. Occasion-
ally, overcompensation in DMI occurs, with associated
improvements in performance. Changes in the fraction
of dietary NDF supplied by roughage as levels and
sources change seem to be associated with effects of
roughage level and source on DMI. In the next section,
data from the studies reviewed above are used to evalu-
ate the role of NDF supplied by roughage in accounting
for differences in DMI by feedlot cattle.

Literature Data Analysis

To evaluate the role of NDF supplied by roughage in
accounting for changes in DMI by feedlot cattle, we
compiled data from the seven studies reviewed in the
previous section involving 11 trials (48 treatment
means) in which effects of roughage source and level
on DMI by feedlot cattle were evaluated. Most data
from these studies were means for pens of cattle fed
for extended periods (e.g., mean values for a typical
finishing period); however, data from Defoor et al.
(2002) included short-term intake data from individu-
ally fed (21 d) and penned (35 d) cattle. For each data
point, the average BW of cattle during the trial period
was used to express DMI as a percentage of BW. Be-
cause several of the studies did not include an estimate
of the NDF content of the roughage sources, tabular
values from NRC (1996) were used to determine the
percentage of dietary NDF supplied by roughage. Simi-
larly, tabular effective NDF (eNDF) and NEg values
of NRC (1996) were used to determine the percentage
of dietary eNDF and megacal of NEg supplied by rough-
age. A summary of the data obtained from these experi-
ments is presented in Table 1.

The dependent variable DMI (percentage of BW) was
regressed on the independent variables of dietary
roughage level (percentage of DM), NDF, eNDF, or NEg
from roughage using the MIXED procedure of SAS (SAS
Inst., Inc., Cary, NC). The basic procedures for pooling
data from multiple studies described by St-Pierre
(2001) were used. The dependent variable was fit to a
model that included a fixed slope and intercept in addi-
tion to a random slope and intercept clustered by trial
(St-Pierre, 2001). An unstructured variance—covariance
matrix was assumed for the intercepts and slopes; how-
ever, the slope—intercept covariance was not significant
(P > 0.20) for any of the dependent variables, and this
term was subsequently deleted from the models. Trial-
adjusted DMI data were calculated as described by St-
Pierre (2001) and regressed on the independent vari-
ables using simple linear regression.

To illustrate the process and goal of the mixed-model
analysis we conducted, data for DMI vs. NDF supplied
by roughage for the 11 trials that comprised the data
set are presented in Figure 1. Visual appraisal of the
trend lines for the various trials suggests that DMI
responded similarly to changes in NDF supplied by
roughage across trials, but that baseline DMI values
varied considerably among trials. Indeed, the change
in DMI among trials (vertical differences among trend
lines) is far greater than the effect of changes in NDF
supplied by roughage on DMI within a given trial (verti-
cal differences within a trial). Trial or study effects are
typically important in pooled data analyses (St-Pierre,
2001), with such effects in the present analysis likely
reflecting differences in cattle factors (age, type, and
management), seasonal differences, differences attrib-
utable to dietary factors other than roughage, and a
myriad of other unknown, random factors. The mixed-
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Table 1. Summary of the literature data used for mixed model regression analyses

El1

Roughage
Roughage DMI, % of Roughage, % NDF, % of NEg, eNDF, g/g
Reference Trial source® BW of DM DM Mecal/kg of NDF
Bartle et al.
(1994) 1 CSH 1.89 10 88.3 0.15 0.980
1 CSH 2.12 20 88.3 0.15 0.980
1 CSH 2.37 30 88.3 0.15 0.980
2 CSH 1.92 10 88.3 0.15 0.980
2 CSH 2.16 20 88.3 0.15 0.980
2 CSH 2.45 30 88.3 0.15 0.980
Defoor et al.
(2002) 3 ALF 1.27 4.86 47.1 0.68 0.920
3 ALF 1.29 10.01 471 0.68 0.920
3 ALF 1.33 15.16 47.1 0.68 0.920
3 SS 1.30 5.01 66 0.62 0.980
3 SS 1.33 10.03 66 0.62 0.980
3 SS 1.55 15.03 66 0.62 0.980
3 CSH 1.36 5.11 88.3 0.15 0.980
3 CSH 1.49 10.22 88.3 0.15 0.980
3 CSH 1.69 15.31 88.3 0.15 0.980
3 WS 1.39 5.03 78.9 0.11 0.980
3 WS 1.42 10.1 78.9 0.11 0.980
3 WS 1.67 15.19 78.9 0.11 0.980
4 ALF 1.72 12.8 47.1 0.68 0.920
4 CSH 1.58 2.61 88.3 0.15 0.980
4 CSH 1.70 6.12 88.3 0.15 0.980
4 CSH 1.78 12.93 88.3 0.15 0.980
4 SSIL 1.68 3.65 60.8 0.74 0.810
4 SSIL 1.83 8.06 60.8 0.74 0.810
4 SSIL 1.69 14.07 60.8 0.74 0.810
Gill et al.
(1981) 5 15 ALF:%5 CS 2.03 8 46.37 0.89 0.847
5 Y3 ALF:% CS 2.08 12 46.37 0.89 0.847
5 V5 ALF:%5 CS 2.11 16 46.37 0.89 0.847
5 Y5 ALF:%5 CS 2.16 20 46.37 0.89 0.847
5 Y5 ALF:%5 CS 2.19 24 46.37 0.89 0.847
Gutherie et
al. (1996) 6 SS 1.89 4.86 66 0.62 0.980
6 SS 2.01 7.27 66 0.62 0.980
6 SS 1.97 9.7 66 0.62 0.980
6 ALF 1.87 10.08 47.1 0.68 0.920
7 ALF 2.04 10.15 471 0.68 0.920
7 SS 2.18 10.16 66 0.62 0.980
Kreikemeier
et al. (1990) 8 Y% ALF:%% CS 2.10 0 46.55 0.84 0.865
8 Y% ALF:% CS 2.14 5 46.55 0.84 0.865
8 Vo ALF:% CS 2.16 10 46.55 0.84 0.865
8 Y ALF:% CS 2.20 15 46.55 0.84 0.865
Shain et al.
(1999) 9 ALL CONC 2.49 0 0 0 0.000
9 ALF 2.70 10 47.1 0.68 0.920
9 WS 2.75 5.2 78.9 0.11 0.980
10 ALF—FINE 2.52 10 47.1 0.68 0.920
10 ALF—COARSE 2.56 10 471 0.68 0.920
Theurer et
al. (1999) 11 ALF 1.74 12 471 0.68 0.920
11 CSH-ALF mix 1.79 8.8 60.2 0.51 0.939
11 WS-ALF mix 1.81 9.7 59.2 0.47 0.943

2CSH = cottonseed hulls; ALF = alfalfa hay; SS = sorghum sudangrass hay; WS = wheat straw; SSIL = sorghum silage; CS = corn silage;
ALL CONC = all concentrate; ALF—FINE = alfalfa hay ground to pass a 0.95-cm screen; ALF—COARSE = alfalfa hay ground to pass a 7.6-

Ccm screen.

model analysis allows these random effects of trial and
interactions of trial with independent variables to be
modeled, so that the strength of the relationship be-

tween the dependent and independent variables can
be determined. Trial-adjusted data for the relationship
between DMI and NDF supplied by roughage are shown
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Figure 1. Plot of DMI (percentage of BW) vs. percentage
of dietary NDF supplied by roughage for the 11 trials
used in the data set. Individual data points are treatment
means. References for the trials are shown in Table 1.

in Figure 2b. Although large random trial differences
in intercepts were noted, the slope was not affected by
trial. Thus, the slope of the overall line might be useful
to describe the expected change in DMI per unit of BW
with changes in NDF supplied by roughage. At the very
least, these trial-adjusted data illustrate that there is
a close relationship between DMI and dietary NDF sup-
plied by roughage, thereby allowing us to more clearly
elucidate the specific reasons (e.g., differences in NDF
content) for effects of roughage source and level on DMI
in these 11 trials.

Results for the regression of trial-adjusted data for
DMI vs. roughage level, NDF supplied by roughage,
and eNDF supplied by roughage are shown in Figures
2a, 2b, and 2c¢, respectively. Overall intercept and slope
estimates for these three variables were highly signifi-
cant (P < 0.001). Intercepts differed (P < 0.02) among
trials for all three variables, but slopes did not (P >
0.18 for NDF and eNDF; P > 0.27 for roughage level).
As noted previously, dietary NEg supplied by roughage
also was evaluated as an independent variable, but the
slope for NEg was not significant (P > 0.28; data not
shown). This finding suggests that the relatively small
differences among the data points in dietary NEg sup-
plied by roughage were not useful for describing
changes in DMI and that simply accounting for these
small changes in energy dilution does not fully describe
the effects of roughage source and level on DMI by
feedlot cattle. Roughage level (Figure 2a) was clearly
associated with changes in DMI, but the r? (0.699) was
considerably less than for NDF supplied by roughage
(0.920) and eNDF supplied by roughage (0.931). We
interpret these results to suggest that most of the effect
of changes in roughage level and source on DMI by
feedlot cattle can be ascribed to changes in dietary NDF
supplied by roughage. In these data, eNDF accounted
for such a slight improvement beyond NDF that its use
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Figure 2. Plots of trial-adjusted DMI (percentage of
BW) vs. a) roughage level (percentage of DM); b) NDF
(percentage of dietary NDF supplied by roughage); and
c) effective NDF (eNDF; percentage of dietary eNDF sup-
plied by roughage).

would not seem worthwhile in practice. Nonetheless,
eNDF might be more descriptive than NDF for certain
roughage sources, as evidenced by the superior results
in exchanging sorghum silage for alfalfa on the basis
of NDF retained on a 2.36-mm screen compared with
NDF alone in the study of Defoor et al. (2002).

If changes in DMI (and thereby intake of net energy)
accurately reflect differences among roughage levels
and sources, the strong relationship we observed be-
tween NDF supplied by roughage and DMI in these
literature data supports the concept that NDF supplied
by roughage could be used practically as a means of
exchanging roughage sources in feedlot diets. As noted
previously, we used NRC (1996) tabular values for NDF
and eNDF in our analysis. Use of directly measured
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values, or at least values selected from a local or re-
gional historical database, should provide even greater
precision in defining effects of roughage on DMI. Fur-
ther research is needed to test the value of NDF sup-
plied by roughage as a means of exchanging roughages
in feedlot diets. Similarly, because our data for eNDF
were derived from tabular estimates, the role of eNDF
or some type of index related to the physical effective-
ness of NDF in describing the effects of roughage in
feedlot diets needs further study. Finally, our data in-
cluded only a few commonly used roughage sources
(alfalfa hay, corn silage, cottonseed hulls, sorghum su-
dangrass hay, sorghum silage, and wheat straw), so
extension of these findings to other sources of NDF (e.g.,
high-fiber byproduct feeds) would require further re-
search.

Biology of Roughage Level and Source Effects

Energy Dilution. Physical fill would rarely limit in-
take of high-concentrate diets, so when a high-concen-
trate diet is diluted by roughage, the animal typically
eats more feed to maintain energy intake. Compensa-
tion via increased DMI is possible until the point that
roughage (fiber) level is sufficiently high to impose re-
strictions on fill or perhaps eating rate. This concept is
illustrated in the data of Bartle et al. (1994), in which
cattle fed 10 and 20% alfalfa diets had equal ADG,
but increasing the level of alfalfa to 30% of the diet
decreased ADG. Similarly, cattle fed 20 and 30% cotton-
seed hulls, although consuming more DM, gained less
than those fed 10% cottonseed hulls. Below the point
of restriction, relatively small changes in fiber level in
the diet resulting from either increased roughage level
or a switch to a higher-fiber roughage source can stimu-
late DMI to the point that the total energy intake is
increased (e.g., a quadratic effect of roughage level on
energy intake). This concept is illustrated by the results
of Guthrie et al. (1996), in which ADG was greater in
cattle fed 7.5 and 10% sorghum sudangrass hay diets
than in those fed a 10% alfalfa diet. As noted previously,
NEg supplied by roughage was not a significant factor
related to DMI in the literature data that we analyzed.
This result presumably reflects the fact that for many
of the data points in the literature database, the change
in NEg supplied by roughage with changes in roughage
source and level was relatively small. It seems likely
that energy dilution per se would affect DMI of high-
concentrate diets only when differences in fiber level
are large (e.g., Bartle et al., 1994), whereas differences
in DMI resulting from smaller, more subtle changes in
fiber level (e.g., Guthrie et al., 1996) might result from
factors other than energy dilution, such as changes in
ruminal and/or metabolic acidity or digesta kinetics as
will be discussed in subsequent sections.

Ruminal, Intestinal, and Metabolic Acidity. Alter-
ations in the quantity of and/or temporal pattern of acid
production within the gut and the subsequent metabolic
acid load via absorption could account for many of the

effects of NDF from roughage on DMI by feedlot cattle.
Acidosis negatively affects intake by feedlot cattle (Ful-
ton et al., 1979a,b); thus, the quadratic response in DMI
often noted with small increases in NDF supplied by
roughage might reflect effects on acid load. For exam-
ple, if bite size were relatively constant with high-con-
centrate diets, the ratio of grain to NDF in each bite
would decrease for a diet with a greater NDF supply
from roughage compared with a lower-fiber diet. Allen
(1997) noted that the balance between production of
fermentation acids and secretion of salivary buffers was
the primary determinant of ruminal pH. Hence, with
a higher NDF intake per unit of grain, one might expect
a higher, or at least more stable, ruminal pH. The re-
sulting lower metabolic acid load also could be lower
simply because the proportion of fermentable substrate
per bite would be less, and the greater proportion of
NDF in each bite might stimulate more chewing and
saliva secretion. If the total number of bites increases
until acid load becomes limiting, total energy intake
might exceed what would be expected from compensa-
tion for energy dilution alone. The level of NDF from
roughage required to elicit overcompensation in DMI
likely differs among roughage sources and within a
roughage source as NDF concentration of the source
changes with maturity.

The extent to which the NDF content of the diet or
NDF supplied by roughage is related to chewing time,
saliva flow, and ultimately to ruminal pH, however, is
open to question. In ruminally cannulated steers given
ad libitum access to 90% concentrate (steam-flaked sor-
ghum) diets (Moore et al., 1987), rumination time was
greater with 10% wheat straw than with 10% of either
cottonseed hulls or alfalfa (308 vs. 180 and 210 min/d,
respectively). Ruminal pH was numerically greater for
the diet containing wheat straw than for those con-
taining alfalfa or cottonseed hulls (6.2 vs. 5.9 and 5.8,
respectively), but did not differ among the three rough-
age sources. Thus, wheat straw, but not cottonseed
hulls, seemed to alter chewing time and ruminal pH,
even though both of these high-NDF roughages tended
to increase DMI relative to alfalfa (Moore et al., 1987).
Similarly, Shain et al. (1999) reported that steers fed
a dry-rolled corn-based diet containing wheat straw
spent more total time ruminating than steers fed a
dry-rolled corn-based diet containing alfalfa; however,
ruminal pH did not differ between cattle fed diets con-
taining alfalfa or wheat straw ground to pass through
a 2.54-cm screen. Pitt et al. (1996) reported a fairly
strong relationship (r? = 0.521) between ruminal pH
and the eNDF concentration of dairy, beef, and sheep
diets. In contrast, Nocek (1997) reported that eNDF
accounted for approximately 5% of the variation in ru-
minal pH in a dataset of mean ruminal pH values with
lactating dairy cows. Allen (1997), also using a litera-
ture database, found that NDF content of the dietary
DM was not related to ruminal pH in dairy cows. None-
theless, Allen (1997) noted that forage NDF as a per-
centage of the DM was significantly related to ruminal
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pH, which supports the concept that NDF from rough-
age might be related to ruminal pH, thereby accounting,
at least in part, for the relationship that we observed
between NDF from roughage and DMI by beef cattle
fed high-concentrate diets. The statistical analyses con-
ducted by Pitt et al. (1996), Allen (1997), and Nocek
(1997) did not seem to use mixed-model methodology
that would have allowed random study effects to be
accounted for, which might explain some of the varia-
tion in results among these studies. In addition, animal-
to-animal variation in ruminal pH and the ability to
handle an acid load seems fairly substantial, even in
model systems where a relatively constant acid load is
applied (Brown et al., 2000). Such variation, as well as
potentially large diurnal fluctuations in ruminal pH,
would decrease the ability of dietary NDF or eNDF to
account for a substantial proportion of the variation in
mean ruminal pH.

Inherent buffering capacity has been suggested as
an aspect of roughages that might account for differ-
ences in ruminal and metabolic acid loads and ultimate
effects on DMI. However, Allen (1997) noted that buff-
ering by feeds would be more likely to occur at a pH
less than 5. Moreover, Allen (1997) calculated that the
potential direct buffering by the diet was a small frac-
tion of buffering by saliva. Thus, given that the maximal
roughage level in feedlot diets is approximately 15%,
with lower levels typically used in practice, inherent
buffering capacity of roughages is probably not very
important in accounting for effects of roughage source
and level on DMI of high-concentrate diets by finishing
beef cattle.

It is unknown whether roughage source and level
affects absorption of acids from the rumen or acidity in
the small and large intestines. It seems unlikely that
increasing NDF supplied by roughage in a high-concen-
trate diet would directly affect absorption of VFA from
the rumen. Similarly, direct effects of roughage on ab-
sorption of acids from the intestines seem unlikely. Al-
len (1997) suggested that changes in ruminal papillae
surface area among diets might affect the susceptibility
of cattle to acidosis, which could be related to differences
resulting from dietary NDF supplied by roughage.
Whether roughage source or level in feedlot finishing
diets affects ruminal surface area for absorption is un-
known. The NDF supplied by roughage might exert
effects on digesta kinetics and associated water flux
that affect digesta flow through the intestines and ab-
sorption of acid postruminally. Because DMI and water
intake are positively associated (NRC, 1996), the in-
creased DMI noted with higher dietary concentrations
of NDF from roughage could be linked to a positive
effect on acid load simply by an associated increase in
water intake and dilution of acid. Incomplete mixing of
water with ruminal contents (Allen, 1997) would tend
to lessen the effects of greater water intake. In addition,
increased water intake might merely shift site of acid
absorption (i.e., rumen vs intestines) and thereby not
greatly alter total metabolic acid load; however, the

temporal pattern of acid absorption would perhaps be
altered so as to spread the metabolic acid load more
evenly over time. To our knowledge, effects of roughage
source and level in beef cattle finishing diets on water
intake have not been investigated.

Characteristics of Ruminal Digesta, Digesta Flow, and
Site and Extent of Digestion. Fairly wide ranges in NDF
supplied by roughage seem to affect the physical nature
of ruminal contents. Moore et al. (1987) reported a ten-
dency for cattle fed a high-concentrate diet with 10%
cottonseed hulls to have a higher ruminal fill than those
fed alfalfa and wheat straw diets, and a tendency for
the cottonseed hull diet to have a higher percentage of
ruminal DM in the fiber mat than alfalfa (2.4 vs. 0%).
The lower percentage of fiber in the mat with alfalfa
was probably a result of greater rate of passage of alfalfa
than of cottonseed hulls and wheat straw from the ru-
men (Moore et al., 1990; Poore et al., 1990). The cotton-
seed hull diet had a lower percentage of ruminal DM
in the fiber mat than wheat straw (2.4 vs. 19.9%), which
was consistent with the greater time spent ruminating
when animals were fed the wheat straw diet. Stratifi-
cation or layering of ruminal contents has been impli-
cated as a factor related to rumination in cattle (Van
Soest, 1982; Welch, 1982; Moore et al., 1990; Poore et
al., 1990). As noted previously, greater chewing during
eating and rumination might result in greater saliva
production, which could buffer the rumen of cattle fed
high-concentrate diets (Owens et al., 1998). Conversely,
greater rumination might increase mastication of grain
in some diets, thereby increasing rate and extent of
fermentation in the rumen (Owens et al., 1998). For
example, Owens and Ferrell (1983) measured rumina-
tion time by steers fed a whole shelled corn-based diet
with 5% roughage and noted a tendency for greater
ADG by steers that ruminated up to 150 min/d than
by those that ruminated approximately 65 min/d. This
difference was most likely related to improved utiliza-
tion of the whole corn as a result of greater mastication
rather than increased saliva production and ruminal
buffering. In contrast, Gill et al. (1981) indicated that
non-ruminating steers gained faster than ruminating
steers when fed diets based on steam-flaked corn, high-
moisture corn, or a mixture of the two.

Changes in passage of dietary components from the
rumen could be related to changes in DMI resulting
from differences in roughage source and level. If NDF
from roughage increases passage of the grain portion
of the diet, less fermentation would occur in the rumen,
resulting in a decreased acid load and potentially
greater DMI. Nonetheless, grain starch seems to be
used most efficiently when fermented in the rumen, and
intestinal starch digestion capacity might be limited
(Huntington, 1997), so passage of unfermented starch
might be counterproductive to optimizing efficiency.
Moore et al. (1990) fed ruminally cannulated steers 65%
concentrate steam-flaked grain sorghum-based diets
that contained either 35% alfalfa or 50:50 mixtures of
alfalfa with cottonseed hulls or wheat straw. Replacing
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half of the alfalfa with cottonseed hulls increased DMI
and tended to increase the passage rate of the grain.
Poore et al. (1990) measured passage rates of grain and
roughage in 30, 60, and 90% concentrate diets con-
taining 50:50 mixtures of wheat straw and alfalfa.
Within each concentrate level, ruminal passage rate
was greater for alfalfa than for wheat straw, decreasing
by 13 and 28%, respectively, in the 90 vs. 60% concen-
trate diet. Passage of steam-flaked grain sorghum, how-
ever, was not influenced by diet, which does not support
the hypothesis that higher roughage levels might in-
crease passage of unfermented starch from the rumen.
Similarly, Eng et al. (1964) reported that mean reten-
tion time of hay, but not of corn, was increased as con-
centration of corn increased from 25 to 75% in the diets
of sheep. In contrast, Owens and Goetsch (1986) and
Wylie et al. (1990) reported that increasing dietary
roughage decreased residence time of grain in the ru-
men. Cole et al. (1976) reported a trend for decreased
ruminal and total tract starch digestibility for diets
containing 7, 14, and 21% cottonseed hulls compared
with 0% cottonseed hulls in whole shelled corn-based
diets, which the authors attributed to an increase in
the rate of passage of grain with increasing cottonseed
hulls. Other reports, however, have indicated positive
effects of cottonseed hulls relative to alfalfa on total
tract digestibility of starch in whole shelled corn-based
diets (Teeter et al., 1981; Rust and Owens, 1982;
Goetsch et al., 1986). Results of the feeding trial re-
ported by Shain et al. (1999) suggested that compared
with alfalfa, wheat straw might adversely affect the
passage and utilization of dry-rolled corn, even when
fed to provide the same level of NDF in the diet; how-
ever, no differences were noted in rate of ruminal starch
disappearance or passage of Yb-labeled corn between
the two roughage sources. Overall, currently available
data suggest that effects of NDF supplied by roughage
on passage of grain from the rumen, and thereby on
site and extent of grain (starch) digestion, are probably
not large within the normal range of roughage levels
used in feedlot diets.

Summary and Conclusions

Our literature review and data analyses suggest that
exchanging dietary roughage on the basis of NDF con-
centration instead of an equal percentage of DM basis
might eliminate much of the variation in DMI and per-
formance that often occurs when roughage sources are
changed in practice. However, balancing for NDF alone
might not be an entirely satisfactory means of exchange
because other characteristics related to physical effec-
tiveness of NDF sometimes affect roughage value. For-
mulating to a specific NDF concentration with different
roughage sources probably accounts for most of the ef-
fect of roughage source and level on DMI, but it does
not fully account for the aggregate of small differences
in fiber sources that might affect chewing time and
kinetics of digestion and passage of roughage and grain.

Whether these differences in physical effectiveness of
NDF are sufficiently large to warrant their consider-
ation in formulation practices is unknown, and further
research, coupled with practical evaluation of the use
of NDF supplied by roughage as a means of roughage
exchange, is needed.

Implications

Changes in roughage source and level affect dry mat-
ter intake by feedlot cattle. Based on analysis of pub-
lished data, the percentage of neutral detergent fiber
supplied by roughage in high-concentrate, feedlot diets
accounts for most of the variation in dry matter intake
caused by roughage source and level. Although neutral
detergent fiber supplied by roughage might provide a
useful basis for exchanging roughages in feedlot diets,
the biological reasons for changes in dry matter intake
associated with changes in roughage source and level
need further study.
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ABSTRACT: Nitric oxide (NO) is synthesized from L-
arginine by NO synthase (NOS), an enzyme with three
isoforms. Two of them, neuronal and endothelial (nNNOS
and eNOS, respectively), are constitutive, whereas the
third one, iNOS, is inducible. Nitric oxide is effective
in mediating multiple biological effects, in part through
the activation of soluble guanylate cyclase. Among
these effects are smooth muscle cell tone, platelet aggre-
gation and adhesion, cell growth, apoptosis, and neuro-
transmission. Because these mechanisms are associ-
ated with the pathophysiology of several reproductive
processes, it has become clear that NO could play a key
role in reproduction. Apart from its effects through the
modulation of luteinizing hormone releasing hormone
release, NO has been proven to act directly at the ovar-
ian level, where it is produced by the vasculature and
neurons, as well as by various cell types, including gra-
nulosa, theca, and luteal cells. Nitric oxide production
is modulated by several hormones (estradiol 174, lu-
teinizing hormone, follicle-stimulating hormone, and
human chorionic gonadotropin) and cytokines that in-

terfere either with eNOS or iNOS expression and activ-
ity. Experiments performed with NO donors and/or NO
synthase inhibitors have demonstrated that NO de-
creases apoptosis and inhibits both estradiol 175 and
progesterone production by granulosa cells (at least in
part via guanylate cyclase). Nitric oxide is possibly in-
volved in follicle growth; it is a potent mitogen in the
presence of basic fibroblast growth factor, it increases
the receptors for epidermal growth factor on granulosa
cells, and it regulates programmed cell death, which
is an important part of folliculogenesis. Gonadotropin-
stimulated eNOS and iNOS expression, as well as the
inhibition of ovulation by NOS inhibitors, suggest that
NO participates in the ovulatory process. After ovula-
tion, iNOS is expressed in luteal cells, but its activity
diminishes with corpus luteum development. During
the luteolysis phase, NO stimulates PGF5, synthesis
while decreasing progesterone secretion. Overall data
provide convincing evidence that NO plays a critical
role in ovarian physiology with regard to follicle growth,
ovulation, and corpus luteum function, but its clinical
implications have not yet been clarified.
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Introduction

Nitric oxide (NO) is an inorganic, short-lived (a few
seconds) free radical gas that, due to its high solubility,
freely diffuses through biological membranes. It is syn-
thesized from L-arginine via an oxygen- and NADPH-
dependent reaction that yields NO and wr-citrulline
(Bush et al., 1992; reviewed by Wu and Morris, 1998).
Nitric oxide synthesis depends on the action of a NO
synthase (NOS), an enzyme that exists in three iso-
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forms that have been classified depending on tissue of
origin as well as on functional properties. Two of them
(neuronal [NNOS] and endothelial [eNOS]) are consti-
tutive and seem to be responsible for the continuous
basal release of NO; the third one is inducible (iNOS)
and is expressed in response to inflammatory cytokines
and lipopolysaccharides (Morris and Billiar, 1994).
Both nNOS and eNOS are calcium/calmodulin depen-
dent for their activation (Snyder, 1995), whereas iNOS
is calcium independent. The three isoforms have been
found in a variety of cell types, including neurons, gas-
tric and bronchial epithelium, skeletal muscle, macro-
phages, cardiomyocytes, hepatocytes, and chondro-
cytes; the production of NO is therefore almost ubiqui-
tous. Nitric oxide is involved in a wide range of
functions: It determines vasodilation, inhibits platelet
aggregation and neutrophil adhesion to endothelial
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cells, reduces smooth-muscle cell proliferation and mi-
gration, controls apoptosis, sustains endothelial cell
barrier function (Rosselli et al., 1998), and acts as a
neurotransmitter. Nitric oxide is generated by neurons,
blood vessels, and cells of the immune system (which
are structural and functional parts of the hypothala-
mus-pituitary-gonads axis), as well as by other cell
types of this axis. Because NO plays an important role
in the function of this system, its involvement in the
mechanisms regulating the reproductive processes is
quite obvious (Rosselli et al., 1998; Dixit and Parvizi,
2001).

Nitric Oxide Generation and Mechanisms of Action

Availability of L-arginine is essential for NO genera-
tion in that it is the only physiological nitrogen donor
for NOS-catalyzed reactions. Competitive inhibition of
arginine uptake by other naturally occurring amino
acids, such as L-lysine and L-ornithine, reduces NO syn-
thesis (Inoue et al., 1993). Nonphysiological substances
derived from arginine (nitro-L-arginine-methyl esther
[L-NAME], Ng-monomethyl-L-arginine [L-NMMA]) are
being used to determine the effects of NO deprivation.
In the same way, NO donors (sodium nitroprusside
[SNP], S-nitroso-L-acetyl-penicillamine, [SNAP]) are
also used to evaluate the involvement of NO in biologi-
cal functions.

Many of the biological effects of NO may result from
the alteration of multicomponent signal transduction
pathways and are exerted via different mechanisms (for
a review, see Schindler and Bogdan, 2001), three of
which seem to be the most important. The first one
involves NO binding to the heme iron of soluble guanyl-
ate cyclase, thus activating guanosine 3',5'-cyclic mono-
phosphate (cGMP), which mediates most of the effects
on vessel and intravessel functions (Murad, 1994). Ni-
tric oxide also induces the S-nitrosylation of thiol
groups of free amino acids, peptides, and proteins (Kelly
et al., 1996) and can react with other radicals, resulting
in the formation of peroxynitrite, a potent oxidant effec-
tive in inducing cytotoxicity (for a review, see Droge,
2002). Taken together, the available information sug-
gests that the effects of NO are strictly dependent on
its concentration, as well as on the presence of metals,
proteins, and low-molecular-weight thiols in a given
cell (Davies et al., 1995).

Effects of Nitric Oxide at the
Hypothalamic-Pituitary Level

Nitric oxide has been shown to modulate reproductive
activity by acting at both the hypothalamic and pitu-
itary levels (for a review, see Dixit and Parvizi, 2001).
Experimental results (Bhat et al., 1995) suggest that
NO is an important mediator of basal GnRH production
since NO neurons are present in hypothalamic sites
involved in GnRH secretion. Experiments with an NO
donor (SNP) and with the NO scavenger hemoglobin

demonstrated that NO stimulates GnRH release in
rats; the effect may be induced both by activation of
guanylate cyclase (Moretto et al., 1993) and through
the activation of neuropeptide Y (Bonavera and Kalra,
1996). Nitric oxide has also been shown to promote
LH secretion in the cow (Honaramooz et al., 1999); the
positive effect on LH secretion is likely to be exerted
via a ¢cGMP-independent mechanism (Pinilla et al.,
1998). An interaction between NO and opioids has also
been proposed. The administration of naloxone (an opi-
oid antagonist) enhances NOS activity (Bhat et al.,
1996), whereas naltrexone blocks the inhibitory effect
of $-endorphin on LHRH release and NOS activity in
the rat (Faletti et al., 1999a). S-endorphin also blocks
the positive effect of NO on PGE,, and therefore on
GnRH release. Leptin-induced LH release may be medi-
ated via nitric oxide (Yu et al., 1997). Nitric oxide also
seems to be involved in controlling the preovulatory LH
surge (for a review, see Dhandapani and Brann, 2000)
because NOS inhibitors have been demonstrated to re-
duce LH release in rats (Bonavera et al., 1994). The
expression of nNOS in the preoptic area increases con-
comitantly with LH peak in the same species (Lamar
etal., 1999). The generation of NO by hypothalamic and
pituitary cells facilitates sexual behaviour in females;
administration of NOS inhibitors and NO donors to
conscious female rats prevents or stimulates lordosis
behavior, respectively (Mani et al., 1994).

The overall data on the effects of NO in the modula-
tion of reproductive activity at the hypothalamic-pitu-
itary level strongly indicate that NO exerts a positive
action and is effective in stimulating GnRH and LH
secretion, as well as estrous behavior; nevertheless, be-
cause contrasting results have been reported in the rat
(Ceccatelli et al., 1993; Chatterjee et al., 1997), further
studies are required to definitely confirm the role of NO
at this level.

Nitric Oxide and Ovarian Function

The involvement of NO in the modulation of ovarian
function is documented by several studies aimed at
demonstrating its production within the ovary and at
clarifying its role in the regulation of steroidogenesis,
follicle development, ovulation, luteal function, and lu-
teal regression.

Regulation of Nitric Oxide
Production within the Ovary

Nitric oxide is generated by several ovarian cells and
within the ovarian vasculature; resident macrophages
have also been indicated as a possible source of NO in
the rat (Dave et al., 1997). Both eNOS and iNOS seem
to be involved, although their expression and activity
greatly depend on cell type and animal species and vary
throughout the different ovarian processes (Rosselli et
al., 1998). In particular, data on iNOS expression
(which is usually influenced by inflammatory condi-
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tions) in granulosa cells are still conflicting. Van
Voorhis et al. (1994) reported that human granulosa-
luteal cells express eNOS. The presence of eNOS also
has been confirmed in rat mural granulosa -cells
(Jablonka-Shariff and Olson, 1997), in blood vessels
(Van Voorhis et al., 1995), in rat stroma, thecal, and
luteal cells (Zackrisson et al., 1996), and in pig granu-
losa cells (Ponderato et al., 2000; Takesue et al., 2001).
Results from different studies indicate that rat granu-
losa cells from primary, secondary, and small antral
follicles (Van Voorhis et al.,, 1995; Matsumi et al.,
1998a) and rat stroma, thecal, and luteal cells (Zackris-
son et al., 1996) also express iNOS. This isoform, on
the other hand, has not been detected in either rat
(Jablonka-Shariff and Olson, 1997) or in porcine (Pon-
derato et al., 2000) granulosa cells. Nitric oxide produc-
tion also has been demonstrated in bovine granulosa
cells (Basini et al., 1998; Basini et al., 2000); these
studies, however, were not aimed at defining which
isoform is responsible for NO synthesis. The expression
of both iNOS and eNOS is regulated by gonadotropins
(Jablonka-Shariff and Olson, 1997) since both PMSG
and hCG have been shown to influence eNOS and iNOS
concentrations, thus confirming that both isoforms par-
ticipate in the ovarian functions. Nitric oxide produc-
tion in rat ovarian cells is actively stimulated by in-
terleukin-1, as well as by several proinflammatory cy-
tokines (Ellman et al., 1993; Ben-Shlomo et al., 1994;
Matsumi et al., 1998a); iNOS has been demonstrated
to be induced in bovine thecal cells by tumor necrosis
factor-a (TNFa), thus stimulating cGMP accumulation
(Brunswig-Spickenheier and Mukhopadhyay, 1997). In
addition, NO generation (measured on the basis of ni-
trite and nitrate concentration) increases with both es-
tradiol levels in human follicular fluid and with follicu-
lar size (Rosselli et al., 1994; Anteby et al., 1996). These
observations suggest a possible causal relationship be-
tween these characteristics, even though an inverse
relationship between estradiol and nitrite concentra-
tions has been observed in swine (Grasselli et al., 1998)
and in bovine (Basini et al., 1998) follicular fluid. How-
ever, the increase of nitrite and nitrate levels in the
serum of postmenopausal women subjected to E2 sub-
stitution therapy substantiates the positive effect of
estrogens on NO production (Rosselli et al., 1994).

Nitric Oxide and Steroidogenesis

Nitric oxide has been shown to exert negative effects
on steroidogenesis, possibly through a direct action on
steroid-secreting cells rather than via an effect on local
ovarian blood flow (Dave et al., 1997). The impairment
of steroid production by NO has been demonstrated in
different species and in different conditions (rat, Dave
et al., 1997; human, Van Voorhis et al., 1994 and Ros-
selli et al., 1998; porcine, Masuda et al., 1997; Matsumi
et al., 2000; Ponderato et al., 2000, and Grasselli et
al., 2001; bovine, Basini et al., 1998 and Basini and
Tamanini, 2000). The negative effect of NO on steroid

production has been demonstrated by treating cultured
granulosa-luteal cells with SNAP, an NO donor, or with
L-NAME, an NOS inhibitor, which markedly decrease
or stimulate, respectively, both estradiol and progester-
one release. This effect seems to be cGMP independent
(human, Van Voorhis et al., 1994; Rosselli et al., 1998;
bovine, Basini et al., 2000), even though different con-
clusions have been drawn in other species (swine,
Grasselli et al., 2001; rat, Ishimaru et al., 2001). The
negative effect of NO on both basal- and gonadotropin-
stimulated estradiol production in the rat may be, at
least in part, exerted through an inhibition of andro-
stenedione secretion (Dunnam et al., 1999); in addition,
the cytochrome P450 aromatase, responsible for estra-
diol production, has been shown to be possibly inhibited
(Van Voohris et al., 1994). This inhibition may be ex-
erted through a reduction of aromatase messenger RNA
(mRNA) levels and/or of enzyme effect (human, Snyder
et al., 1996; Kagabu et al., 1999).

Nitric Oxide and Folliculogenesis

It is well known that both folliculogenesis and ovula-
tion are regulated by a variety of factors, such as cytok-
ines, growth factors, and locally produced substances,
among which NO seems to play an important role. Ni-
tric oxide levels have been shown to change during
follicular growth (Rosselli et al., 1998). Follicular devel-
opment, induced by PMSG in immature rat, is associ-
ated with an increase in eNOS (but not iNOS) expres-
sion (Van Voorhis et al., 1995; Jablonka-Shariff and
Olson, 1997), whereas a subsequent stimulation with
hCG induces an increase of both isoforms (Jablonka-
Shariff and Olson, 1997). On the other hand, Matsumi
et al. (1998b) observed a decrease in iNOS mRNA levels
induced by PMSG in granulosa cells from immature rat
follicles; on this basis, they suggested that NO could
possibly represent a cytostatic factor. This hypothesis
has been reinforced by results from a more recent study
in the rat (Matsumi et al., 2000), which also show a
GnRH- and endothelial growth factor (EGF)-induced
reduction in iNOS mRNA levels. On the other hand,
NO has been shown to act as an antiproliferative agent
(Kuzin et al., 1996) and to inhibit mitosis (Takagi et al.,
1994) in other mouse cell types. In contrast, a growth-
promoting effect of NO is supported by the observation
(Hattori et al., 1996) that NO increases EGF receptors
in rat granulosa cells and IL-13-stimulated NO produc-
tion is effective in promoting muscle cell growth in pres-
ence of basic fibroblast growth factor (Dubey et al.,
1997). However, treatment of bovine granulosa cells
from different size follicles with the NO donor SNAP
does not influence proliferation (Basini et al., 1998).
The above findings provide evidence that the exact role
played by NO in the regulation of cell growth is yet to be
elucidated. It is feasible that effects of NO are strongly
dependent on interactions with other growth modula-
tory factors acting within the ovary.
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A further mechanism through which NO may be in-
volved in the control of follicular development is its
effects on apoptosis, the programmed cell death by
which the majority of ovarian follicles are lost during
postnatal life (Kiess and Gallaher, 1998; Li et al., 1998).
High NO levels have been shown to reduce apoptosis
in both swine (Ponderato et al., 2000) and bovine (Basini
et al., 1998) granulosa cells, whereas an opposite effect
has been induced by low NO levels in more differenti-
ated granulosa cells (from large follicles). A protective
NO effect has been also observed in rat granulosa cells
from immature (Matsumi et al., 1998b; 2000) and pre-
ovulatory (Yoon et al., 2002) follicles. In addition, the
IL-18-induced antiapoptotic effects have also been re-
ported to be NO-mediated (Chun et al., 1995). Different
data have been reported by Sugino et al. (1996), whose
findings in human granulosa cells do not clearly confirm
NO involvement in the regulation of apoptosis. Pro- and
antiapoptotic properties have also been attributed to
NO in other cell types (Mannick et al., 1994; Kim et
al., 1999), and possibly depend on its concentrations as
well as on its possible interactions with a variety of
molecules (irons, thiols, proteins, etc.) (Chung et al.,
2001).

NO may also influence follicle development by medi-
ating the effects of gonadotropins on the blood-follicle
barrier, thus influencing its permeability to different
substances (Powers et al., 1995).

The overall results on the effects of NO on folliculo-
genesis suggest that locally produced NO contributes
to modulate follicle development and possibly prevents
apoptosis, at least at low concentrations, whereas high
levels may promote cell death via peroxynitrite for-
mation.

Nitric Oxide and Ovulation

The ovulatory process depends on a coordinated activ-
ity of gonadotropins and steroid hormones, as well as
mediators involved in inflammatory reaction, such as
cytokines, prostaglandins, leukotrienes, and so forth.
Results from recent studies suggest an involvement of
the NOS/NO system in ovulatory mechanism(s), mainly
via its effects on vasculature and prostaglandin produc-
tion. Local administration of iNOS inhibitors has been
reported to suppress the ovulatory process in rat, an
effect reversed by sodium nitroprusside (Shukovski and
Tsafriri, 1994). Similar results have been reported in
hCG-treated rabbits (Hesla et al., 1997) and the sys-
temic administration of NO blockers inhibits ovulation
and suppresses the positive effect of IL-1 on LH-induced
ovulation rate (Bonello et al., 1996). The role of eNOS
in ovulation seems more important than that of iNOS
(Mitsube et al., 1999), even though the results are still
conflicting (Faletti et al., 1999b). In fact, both rat thecal
and stromal compartments present high eNOS levels
around ovulation (Zackrisson et al., 1996). Further-
more, eNOS deficiency in the mouse has been shown
to be associated with reduced ovulatory potential after

a superovulatory treatment (Hefler et al., 2002) and
eNOS knockout females showed a significant reduction
in hCG-induced ovulation (Jablonka-Shariff and Olson,
1998). A possible mechanism by which NO stimulates
the ovulatory process involves the production of prosta-
glandins (which contribute to enhancing the inflamma-
tory process in the periovulatory period) by a direct
activation of cyclooxygenase (Salvemini, 1997). A cross
talk between the NO and PG biosynthetic pathways,
as well as a stimulatory effect of NO on PGF,,, produc-
tion by large bovine follicles, has been recently reported
(Basini and Tamanini, 2001). It has been suggested
that NO might contribute to follicle rupture by also
increasing the intrafollicular pressure (Matousek et al.,
2001), either by increasing the vascular flow and the
transudation of fluid to the follicular antrum or by stim-
ulating the contractile elements of the ovarian follicle.

Nitric oxide synthesis seems to also be important for
oocyte maturation because eNOS knockout mice exhib-
ited a reduced number of oocytes in metaphase II of
meiosis—a high percentage of oocytes remained in
metaphase I or were atypical compared to controls
(Jablonka-Shariff and Olson, 1998; 2000). Further-
more, in the same species, SNP has been demonstrated
to stimulate meiotic maturation to metaphase II stages
in cumulus enclosed oocytes (Sengoku et al., 2001). Con-
flicting data have reported a possible relationship be-
tween NO concentration in follicular fluid and oocyte
quality and developmental competence (Barroso et al.,
1999; Lee et al., 2000).

Nitric Oxide, Luteal Function, and Luteal Regression

Much evidence suggests that NO is involved in the
regulation of corpus luteum (CL) function and lifespan,
but opposing actions have been reported, depending
on the stage of CL development. Motta et al. (2001)
observed that in the midstage CL in the rat, NO stimu-
lates both glutathione, a major antioxidant, and proges-
terone production, thus favoring the maintenance of
CL; NO, together with PGE, seems to act through its
effects on vasculature and proteolytic processes (Hur-
witz et al., 1997). Recent findings indicate that iNOS-
mediated NO secretion stimulates PGE synthesis,
which is effective in increasing progesterone production
(Hurwitz et al., 2002). Prostaglandin E has been demon-
strated to enhance basal progesterone secretion also in
newly formed CL from pseudopregnant rabbits (Boiti
et al., 2000). A positive effect of NO on progesterone
synthesis and luteal support also has been suggested
in the rat by Dong et al. (1997; 1999); they speculated
that NO could reduce or prevent luteolytic effects of
prostaglandins, thus maintaining adequate progester-
one, but the precise mechanisms by which it exerts
its effects remain to be elucidated. Nitric oxide is also
possibly involved in the control of luteal vasculariza-
tion. In fact, NO produced by endothelial luteal cells
increases blood flow by stimulating arteriolar smooth
muscle relaxation and favours angiogenesis through an
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increase in vascular endothelial growth factor produc-
tion by capillary pericytes (Reynolds et al., 2000). The
expression of eNOS, as well as total NOS activity, di-
minishes with CL aging (sheep, Reynolds et al., 2000;
rabbit, Gobbetti et al., 1999; Boiti et al., 2002; rat, Motta
and Gimeno, 1997), even though different findings have
been reported in humans (Devoto et al., 2002).

As above mentioned, NO is also involved in luteolysis,
which depends on an oxytocin-mediated prostaglandin
release. Evidence exists that shows that oxytocin acts
by enhancing NOS activity (Motta and Gimeno, 1997;
Motta et al., 1997) and NO stimulates the synthesis of
PGF5, (human, Friden et al., 2000; bovine, Skarzynski
et al., 2000), which in turn increases NOS activity, thus
activating a positive feedback mechanism (rabbit, Boiti
et al., 2000; rat, Estevez et al., 1999; Motta et al., 2001).
At the same time, NO decreases progesterone produc-
tion (rat, Motta et al., 1999; rabbit, Gobbetti et al., 1999;
Boiti et al., 2000; bovine, Skarzynski and Okuda, 2000).
Alternative mechanisms by which NO participates in
luteal regression involve lowering estradiol production,
resulting in the subsequent demise of the CL (Olson et
al., 1996), and increasing apoptosis (Vega et al., 2000).
In fact, the large amounts of NO induced by iNOS dur-
ing the late stage of CL are likely to exert a proapop-
totic effect.

Implications

This review provides convincing evidence that nitric
oxide is involved in all the ovarian functions and plays
a crucial role in reproductive processes, even though
most studies have been carried out on rats and humans
and very little is known about livestock. Fine-tuning of
nitric oxide generation seems to be essential for ovarian
physiology; however, the precise mechanisms by which
it exerts its effects are not clearly understood and need
further investigation. Future studies should also be
aimed at verifying whether ovarian dysfunctions are
associated with an altered nitric oxide production in
order to clarify whether these defects can be corrected
by nitric oxide.
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ABSTRACT: Our knowledge of bovine estrous cycle
physiology has expanded greatly in recent years, pri-
marily with the advent of ultrasonography to monitor
ovarian follicles. With increased knowledge, new meth-
ods of manipulating ovarian function have become
available. The use of controlled internal drug release
(CIDR) devices for the synchronization of estrus in cat-
tle is now well accepted throughout the world. In fact,
Canada and the United States are among the last coun-
tries in the world to have CIDR devices available for
use in bovine practice. The use of CIDR devices, along
with other hormones that are already on the market
(e.g., gonadotropin releasing hormone) has permitted
fixed-time artificial insemination with high pregnancy
rates in beef cattle. New approaches, such as the use

of estradiol in CIDR-based protocols, offer novel and
exciting ways to manipulate the bovine estrous cycle.
Recent studies suggest that steroid hormones readily
available on the veterinary pharmaceutical market,
such as estradiol cypionate and injectable progesterone,
can be successfully used to synchronize follicular wave
emergence and ovulation in CIDR-based, fixed-time ar-
tificial insemination programs. Experiments described
in this report include several protocols that do not re-
quire detection of estrus, thereby permitting fixed-time
artificial insemination in beef cattle. Over a 5-yr period,
pregnancy rates to a single fixed-time artificial insemi-
nation have ranged from 55 to 77% in heifers and
slightly less in lactating beef cows.
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Introduction

The keys to successful estrus synchronization are
closely synchronized, rapid declines in circulating pro-
gestin concentrations and synchronous growth and ovu-
lation of a viable follicle. However, PGF, is effective
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only when a fully developed corpus luteum (CL) is pres-
ent (approximately d 7 to 18 of the cycle; Momont and
Seguin, 1984) and withdrawal of exogenous progestin
is effective only if either natural or induced regression
of the CL has occurred. Although current techniques
for estrus synchronization with PGF,, are successful
(Odde, 1990; Larson and Ball, 1992), variation in ovar-
ian follicular wave dynamics results in poor synchrony
of estrus and ovulation (i.e., the induction of luteolysis
when a dominant follicle is mature will result in estrus
and ovulation in 2 to 3 d, whereas the interval will be
much longer if another follicle must be recruited from
a new follicular wave) (Kastelic and Ginther, 1991).
Various progestins have been utilized for estrus syn-
chronization. Progestin treatment for more than 14 d
will synchronize estrus, but fertility at the induced es-
trus will be reduced (Wiltbank et al., 1965; Roche,
1974). Fortunately, these effects are transitory and are
not apparent at the next estrus. Alternatively, shorter
progestin treatment protocols (e.g., 7 to 10 d), with
PGF,, given before or at the termination of progestin
treatment, have been devised to improve fertility (Odde,
1990; Macmillan and Peterson, 1993). However, these
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protocols do not result in sufficient synchrony of estrus
and ovulation for fixed-time AI. In addition, pregnancy
rates were low when short-term treatments were initi-
ated during the late luteal phase (i.e., after d 14), due
to the development of a persistent follicle (Savio et al.,
1993; Stock and Fortune, 1993; Custer et al., 1994;
Kinder et al., 1996). Poor fertility after long-term pro-
gestin treatments or short-term treatments initiated
late in the estrous cycle has been attributed to pro-
longed maintenance of the dominant follicle and ovula-
tion of an aged oocyte (Ahmad et al., 1995; Revah and
Butler, 1996). These results emphasize the need to syn-
chronize follicular development to ensure the presence
of a viable, growing dominant follicle at the time of
progestin withdrawal and/or PGFy, treatment.

Synchronization of Follicular Wave Emergence

Follicle Ablation. Elimination of the dominant follicle
results in the emergence of a new follicular wave by
removing the suppressive effect of follicular products
(e.g., estradiol and inhibin) on circulating concentra-
tions of FSH (Ko et al., 1991; Adams et al., 1993). Trans-
vaginal ultrasound-guided follicle aspiration induced
synchronous wave emergence within 2 d in heifers, and
PGF,, given 4 d later resulted in synchronous ovulation
(Bergfelt et al., 1994).

Gonadotropin-Releasing Hormone. It has been shown
that GnRH will induce ovulation or luteinization of a
growing dominant follicle present at the time of treat-
ment (Macmillan and Thatcher, 1991). Protocols that
utilize GnRH and PGF,, have been developed for fixed-
time Al in beef and dairy cattle. The Ovsynch treatment
protocol (Pursley et al., 1997) consists of an injection
of GnRH followed by PGF,, 7 d later, a second injection
of GnRH 48 h after PGF,, treatment, and fixed-time
Al approximately 15 h later. Others have used a similar
protocol in beef cattle with an interval of 6 d between
the first GnRH treatment and PGFs5, (Roy and Twagira-
mungu, 1999).

Estradiol. Although treatment with progestin and es-
tradiol has been used for several years to synchronize
estrus (Wiltbank et al., 1965), it was not until recent
discoveries of the effects of estradiol on follicular devel-
opment that the physiological basis of these treatments
was fully appreciated. In a series of experiments, estra-
diol treatment suppressed antral follicle growth, and
suppression was more profound when estradiol was
given with a progestin (B¢ et al., 1994). The mechanism
responsible for estrogen-induced suppression of follicu-
lar growth appeared to involve suppression of FSH
through a systemic pathway (B6 et al., 2000). Thereaf-
ter, FSH surges occurred at defined times, and a new
follicular wave emerged (Bé et al., 1994).

The administration of 5 mg of estradiol-175 (E-173)
to progestin-treated heifers (Bé et al., 1994) resulted
in regression of antral follicles, followed by the emer-
gence of a new follicular wave (on average) 4.3 d later
(B6 et al., 1995), whereas the same dose of estradiol

benzoate (EB) resulted in emergence of a new follicular
wave 5.4 d later (B6 et al., 1996). More recently, Caccia
and B6 (1998) showed that treatment with 1, 2.5, or 5
mg of EB (plus 50 mg of progesterone) resulted in a
median interval from treatment to follicular wave emer-
gence of 4.0 d in CIDR-treated beef cows; furthermore,
this interval was significantly more synchronous in
cows given 2.5 mg vs. those given 5 mg of EB. Estradiol
valerate (Mapletoft et al., 1999) and estradiol cypionate
(ECP; Thundathil et al., 1997; Colazo et al., 2002) at
doses of 5 and 1 mg, respectively, resulted in longer
and more variable intervals to follicular wave emer-
gence than E-1775. The effects of lesser doses of estradiol
valerate apparently have not been studied, whereas
a dosage of 0.5 mg ECP appeared to be marginally
efficacious (Thundathil et al., 1997).

The Controlled Internal Drug Release Device

The controlled internal drug release (CIDR) device
has recently been approved in Canada (Bioniche Ani-
mal Health, Belleville, ON, Canada) and the United
States (Pharmacia Animal Health, Kalamazoo, MI) for
synchronization of estrus in beef cattle and dairy heif-
ers. The CIDR is a T-shaped vaginal insert containing
1.9 g of progesterone (Canada) or 1.38 g of progesterone
(United States) in silicon molded over a nylon spine.
Although plasma concentrations of progesterone are
identical between the two devices, the model marketed
in the United States apparently exhausts its supply of
progesterone earlier than the Canadian model (H. D.
Hafs, personal communication). The CIDR is inserted
into the vagina by a specialized applicator (Macmillan
et al., 1991) that collapses the wings for insertion; ex-
pulsion of the CIDR causes the wings to straighten,
which confers retention by pressure on the vaginal wall.
A thin nylon tail attached to the end of the CIDR is
exteriorized through the vagina and is used to remove
the device. Label directions (for Al) indicate that the
device should be in the vagina for 7 d; PGF,, is given
24 h before device removal and estrus detection begins
48 h after device removal. Because of the short treat-
ment period (7 d), the incidence of persistent follicles
is reduced. The CIDR device is well suited to various
approaches used to synchronize ovarian follicular de-
velopment and ovulation.

Following CIDR insertion in ovariectomized cows,
plasma progesterone concentrations increased to near
luteal levels (5 to 7 ng/mL) by 24 h and then decreased
to concentrations of 2 to 3 ng/mL after 2 to 3 d, where
they remained until CIDR removal on d 7 (Martinez,
2002). Plasma progesterone concentrations declined to
baseline by 12 h after CIDR removal. Administration
of 100 mg of progesterone at CIDR insertion increased
plasma progesterone concentrations by 2 ng/mL over
that of a CIDR alone in ovariectomized cows (Martinez,
2002), with similar increases expected in ovary-intact
cattle.
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Table 1. Mean (+ SEM) intervals to follicular wave emergence (WE), estrus, and
ovulation, and pregnancy rates in controlled internal drug release-treated

heifers given treatments to synchronize wave emergence

E-175 + Follicular
Control progesterone GnRH? ablation
Intervals, d
Treatment to WE 35 + 0.6° 34 + 0.1° 1.5 + 0.3° 1.0 + 0.1°
Range (-2 to 8)* (3 to 4)* (-1 to 4) (0 to 2)*
n 18 16 16 17
PGF to estrus 2.3 + 0.2 2.2 + 0.2 2.2 + 0.2 25+ 0.1
Range (1.5 to 4.5) (1.5 to 3.0) (1.5 to 3.5) (2.0 to 3.5)
n 17 14 13 11
PGF to ovulation 3.6 £ 0.2 34 £ 0.1 3.5 £ 0.1 3.8 +0.1¢
Range (2.5 to 5.5) (3.0 to 4.5) (2.5 to 4.5) (3.0 to 4.5)
n 18 16 16 16
Pregnancy rates
Number 14/18 13/16 11/16 10/16
% 78 80 69 65

2Although 8 of 16 heifers ovulated in response to GnRH treatment, data points are based on all 16 heifers

in the group.

bMeans within rows with different superscripts differ (P < 0.05).

4One outlier excluded for this data point.

*¥*Variances within rows with different superscripts differ (P < 0.05).

Estrus Synchronization and
Fixed-time Artificial Insemination

The following is a very brief summary of studies done
in the authors’ laboratories, showing how the CIDR
device can be use in estrus synchronization programs
in beef cattle; many have been published in abstract
form and are referenced accordingly. The first experi-
ment was designed to investigate synchronization of
ovarian follicular wave emergence in CIDR-treated cat-
tle for synchronization of estrus and ovulation and to
determine pregnancy rate following Al at observed es-
trus (Martinez et al., 2000a). A CIDR was inserted at
random stages of the estrous cycle in 67 crossbred beef
heifers (d 0 = the first day of the experiment) that were
randomly allocated to receive 1) no further treatment
(Control); 2) 5 mg of E-17/ plus 100 mg of progesterone
(E/P group); 3) 100 pg of GnRH (GnRH group); or 4)
transvaginal ultrasound-guided follicular ablation of
all follicles 25 mm (FA group). The CIDR devices were
removed on d 9, 8, 6, or 5 after insertion, in Control,
E/P, GnRH, or FA groups, respectively, so the dominant
follicle of the induced wave would be exposed to exoge-
nous progesterone for similar intervals in each group.
Treatment with PGF,, was done twice, at CIDR re-
moval and 12 h later. Heifers were inseminated approx-
imately 12 h prior to ovulation. Results are shown in
Table 1. Although the interval from treatment to follicu-
lar wave emergence was longest in the E/P and Control
groups, it was the least variable in the E/P and FA
groups. The proportion of heifers displaying estrus was
higher in the Control vs. FA group (94 vs. 65%, respec-
tively; P < 0.05) and intermediate in E/P and GnRH
groups (87 and 75%, respectively). Pregnancy rates
were not significantly different among groups. Results
supported the hypothesis that synchronous follicular

wave emergence results in synchronous follicle develop-
ment and, following CIDR removal, synchronous estrus
and ovulation with high pregnancy rates to AL. The
synchrony of estrus and ovulation in the E/P, GnRH,
and FA groups suggested that these treatments, in com-
bination with a CIDR, could be adapted to fixed-time
Al programs.

The Use of Estradiol. Estradiol has been used to syn-
chronize follicular wave emergence (Bé et al., 1991;
1993) and several studies have investigated the use
of different estradiol preparations in progestin-based
synchronization programs (Lammoglia et al., 1998;
Burke et al., 1999; Martinez et al. 2000b). In addition,
EB has been used to induce estrus in PGF,, -treated
cattle (Welch et al., 1975; Peters et al., 1977; Dailey et
al., 1983). In CIDR-treated cattle, the administration
of 0.38 (heifers) or 1.0 mg (cows) of EB 24 to 30 h after
CIDR removal resulted in estrus in 86 and 100% of the
cattle, respectively (Lammoglia et al., 1998). Further-
more, in endocrine studies, EB treatment resulted in an
LH surge between 16 and 20 h later, with significantly
higher pregnancy rates than in untreated cattle (Lam-
moglia et al., 1998).

An experiment was designed to compare the effects
of E-175 and EB on the interval to emergence of a
new follicular wave in CIDR-treated heifers and on the
induction of ovulation following CIDR removal (Marti-
nez et al., 2002a). Thirty-two pubertal beef heifers re-
ceived a CIDR device on random days of the estrous
cycle (d 0), and were assigned to four groups in a 2 x 2
factorial design; half of the heifers received 5 mg of E-
173 plus 100 mg of progesterone and the other half
received 1 mg of EB plus 100 mg of progesterone by
intramuscular injection. After CIDR removal and
PGF,, treatment on d 7, each group was randomly sub-
divided to receive an injection 24 h later (d 8) of either
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Table 2. Mean (+ SEM) intervals from treatment with estradiol-173 (E-170) or estradiol
benzoate (EB) to follicular wave emergence and from PGF treatment (and controlled
internal drug release [CIDR] removal) to ovulation in CIDR-treated beef heifers

Treatments
E-175/E-173 E-175/EB EB/E-173 EB/EB

Number of heifers 8 8 8 8
Interval from estradiol treatment to

Wave emergence, d 3.9 £ 0.2 3.9 £ 0.3 4.0 £ 0.3 45 + 0.3

Range, d 3toh 3toh 3tob 3to6
Interval from CIDR removal to

Ovulation, h 79.5 + 6.0 73.5 + 1.5 72.0 £ 0.0 81.0 £+ 3.0

Range, h 72 to 120 72 to 84 72 to 72 72 to 96

1 mg of E-17/5 or 1 mg of EB to induce LH release and
ovulation. Heifers were examined ultrasonographically
to monitor follicular dynamics and to detect ovulation.
There was no effect of estradiol treatment on the mean
intervals to wave emergence or ovulation (Table 2).

In a second experiment with the same design, the
efficacy of the two different estradiol preparations was
tested in a CIDR-based fixed-time Al program in 84
lactating beef cows at random stages of the estrous cycle
(Martinez et al., 2000b). All cattle were inseminated 30
h after the second injection of estradiol (i.e., 54 h after
CIDR removal). Among the four treatment groups,
there were no differences in the proportion of animals
that displayed behavioral estrus (16/21, 19/21, 17/21,
17/21) or that became pregnant to fixed-time AI (14/21,
67%; 13/21, 62%; 11/21, 52%; and 15/21, 71%), for the
E-175/E-173, E-175/EB, EB/E-1703, and EB/EB groups,
respectively). Results suggest that E-175 and EB can
be used interchangeably in the synchronization of follic-
ular wave emergence and ovulation for fixed-time Al
in CIDR-treated cattle.

Gonadotropin-Releasing Hormone-Based ~Protocols.
The Ovsynch protocol is much more efficacious in lactat-
ing dairy cows than in heifers (Seguin, 1997). Although
the cause of this discrepancy is not known, ovulation
following the first injection of GnRH occurred in 85%
of cows and only 54% of heifers (Pursley et al., 1995).
In addition, 19% of heifers showed behavioral estrus
before the injection of PGF,,, dramatically reducing
fertility to fixed-time AI (Wiltbank, 1997). In an experi-
ment designed to confirm these results, GnRH treat-
ment during the growing, early static, or regressing
phases of development of the dominant follicle of the
first follicular wave induced ovulation in 56% of beef
heifers, and wave emergence occurred only when ovula-
tion was induced; therefore, GnRH does not consis-
tently induce emergence of a new follicular wave in beef
heifers (Martinez et al., 1999).

Several experiments were conducted to determine the
benefits of using a CIDR device in a GnRH-based, Ov-
synch-type, fixed-time-Al program in beef cattle (Marti-
nez et al., 2002b). In the first experiment, Simmental -
cows (n = 148) and heifers (n = 48) were treated in a 7-
d Cosynch program and randomly assigned to receive

no further treatment (Group 1) or a CIDR device concur-
rent with the first GnRH treatment (d 0; Group 2).
Pregnancy rates were not different (P = 0.79) in cows
(Group 1, 45%; n = 71 vs. Group 2, 43%; n = 77). How-
ever, pregnancy rates were higher (P < 0.05) in CIDR-
treated heifers (68%; n = 25) than in Cosynch controls
(839%; n = 23). Data suggest that although there was
no apparent benefit in lactating beef cows, the use of a
CIDR device may make Ovsynch-type programs feasi-
ble in heifers.

A second experiment was designed to determine
whether a CIDR would improve pregnancy rates to a
single fixed-time insemination in an Ovsynch-type, es-
trus synchronization program in 49 beef heifers in
which porcine luteinizing hormone (pLH) was used in
place of GnRH (Martinez et al., 2002b). Heifers were
randomly assigned to three treatment groups; the first
group received 12.5 mg of pLH on d 0, PGF,, on d 7,
and 12.5 mg of pLH on d 9 with AI 12 h later (pLH/
Ovsynch), while the second group (pLH/CIDR) was sim-
ilarly treated, with the addition of a CIDR device from
d 0 to 7. Heifers in the third group (EB/CIDR) received
an injection of 1 mg of EB and 100 mg of progesterone
on d 0 and a CIDR device from d O to 7. Heifers were
given PGFy, on d 7 (at the time of CIDR removal) and
1mgim.of EBond8, with Al ond 9 (52 h after PGF5,).
The proportion of heifers in estrus was significantly
greater in the EB/CIDR (94%) and pLH/CIDR (71%)
groups than in the pLH/Ovsynch group (41%), whereas
pregnancy rates were significantly higher in the EB/
CIDR group (75%) than in the pLH/Ovsynch group
(38%), with the pLH/CIDR group (65%) intermediate
(P < 0.05). Overall, in a Cosynch fixed-time breeding
program in lactating beef cows, the use of a CIDR device
did not influence pregnancy rates. However, the use of
a CIDR device in a 7-d Cosynch program utilizing GnRH
or a 7-d Ovsynch program utilizing pLH significantly
improved pregnancy rates in heifers.

It has also been shown that the use of a CIDR device
in Cosynch protocols applied at different herd locations
increased overall pregnancy rates in beef cows in good
body condition (58%), compared to Control cows treated
only with Cosynch (48%; Lamb et al., 2001). It is note-
worthy that CIDR devices increased pregnancy rates
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in anestrous cows in that study (Lamb et al., 2001). In
another study replicated over multiple sites, Lucy et
al. (2001) showed that CIDR devices increased the syn-
chrony of estrus and pregnancy rates in noncycling cat-
tle. However, noncycling cattle had a lower pregnancy
rate than their cycling herd-mates. Therefore, repro-
ductive status can affect pregnancy rates in cattle given
CIDR devices.

Combined Treatment Protocols. It was hypothesized
that combinations of these treatments would be more
efficacious than traditional approaches for synchroniz-
ing estrus and ovulation for fixed-time AI. Three experi-
ments were conducted to evaluate methods of synchro-
nization of estrus and ovulation in cattle for fixed-time
Al (Martinez et al., 2000b). In the first experiment, a
7-d EB/CIDR treatment protocol was compared to a 7-
d GnRH/CIDR treatment protocol or a simple 7-d CIDR
protocol with the administration of PGF,, at the time
of CIDR removal. Pregnancy rate in the EB/CIDR group
(76%) was higher than in the GnRH/CIDR (48%) or
CIDR-treated, Control (38%) groups (P <0.01). In addi-
tion, the percentage of heifers that displayed behavioral
estrus in the EB/CIDR (100%) and CIDR-treated, Con-
trol (83%) groups was higher than in the GnRH/CIDR
group (55%; P < 0.01).

A larger experiment was designed to compare proges-
tins and methods of synchronizing wave emergence and
ovulation in a fixed-time Al program (Martinez et al.,
2002¢). Angus-cross heifers (n = 503) were allocated
into two synchronization groups and three treatment
groups (2 x 3 factorial design) at random stages of the
estrous cycle (d 0). At that time, heifers either received
CIDR devices (n = 257) or were started on 0.5 mg-anim-
al™l-d™! of melengestrol acetate (MGA; n = 246) and
given injections of 2 mg of EB plus 50 mg of progester-
one, 100 pg of GnRH or 12.5 mg of pLH. The last feeding
of MGA was given the morning of d 6, and on d 7, CIDR
devices were removed and all heifers received PGFy,.
Consistent with their treatment on d 0, heifers were
given either 1 mg EB 24 h after PGF5, and inseminated
28 h later or 100 wg GnRH or 12.5 mg pLH 48 h after
PGF5, and concurrently inseminated. Heifers were ex-
posed to bulls for 17 d, starting approximately 20 d
after fixed-time AI. Although estrus rates differed (P <
0.01), there was no difference in pregnancy rates among
groups (P > 0.3; Table 3). Overall, results suggest that
the oral progestin (MGA) and the progesterone-releas-
ing intravaginal device (CIDR) are equally efficacious,
and that in combination with GnRH, pLH or EB, either
can be used effectively to synchronize estrus and ovula-
tion for fixed-time Al.

The present study is apparently the first published
report of a concurrent comparison of these six treatment
protocols for fixed-time AI. As pregnancy rates to fixed-
time Al were not significantly different among treat-
ments (overall rate, 58.0%), factors other than preg-
nancy rate (e.g., costs and management conditions) may
influence the protocol selected. For example, CIDR de-
vices are more expensive than MGA, but they can be

Table 3. Pregnancy rates following a single, fixed-time
insemination in controlled internal drug release
(CIDR)- or melengestrol acetate (MGA)-treated
beef heifers in which follicular wave emergence

and ovulation were synchronized with GnRH
procine LH (pLH) or estradiol benzoate (EB)

CIDR MGA
GnRH pLH EB GnRH pLH EB
Number of heifers 103 102 52 101 97 48
Estrus rate, % 66 61> 92°  36° 33 92°
Conception to Al, % 65 56 62 52 56 60
Conception to bull, %% 67 62 70 70 63 74

Total pregnancy rate, % 88 83 88 85 84 90

abcpercentages with different superseripts differ (P < 0.01).
dHeifers not conceiving to Al

used in both confined cattle and those at pasture. In
regard to the latter, it is often difficult to ensure uniform
intake of MGA in pastured cattle. In any case, the re-
sults of this experiment provide several options for
fixed-time Al

A final series of experiments were conducted to deter-
mine the benefit of progesterone along with EB in the
synchronization of follicular wave emergence in cattle
treated with a CIDR and to determine the effect of
interval from the second EB treatment to Al on preg-
nancy rates to fixed-time AI (Whittaker et al., 2002).
Previous studies (Bo et al., 1994) suggested that includ-
ing progesterone with estradiol might improve efficacy
in synchronizing follicular wave emergence; it was hy-
pothesized that the greatest benefit would be in cattle
without a functional CL at the time of treatment. In the
first experiment, lactating beef cows (n = 175) received a
CIDR device on d 0 and were concurrently injected with
either 2 mg of EB or 2 mg of EB plus 100 mg of progester-
one. On d 7, CIDR were removed and all cows received
an injection of PGF,,. On d 8, (approximately 24 h after
CIDR removal), cows received an injection of 1 mg of EB
and were inseminated on d 9, starting approximately 28
h after EB treatment. Overall pregnancy rate to fixed-
time Al was 67%; pregnancy rate in those treated with
EB alone was 64%, whereas those treated with EB plus
progesterone was 70% (P > 0.4). In a replicate experi-
ment in lactating beef cows and heifers (n =137), results
were similar, but the pregnancy rates differed by only
4%. Moreover, the inclusion of progesterone did not
improve pregnancy rates in cattle in proestrus (13/28,
46%) or metestrus (12/19, 63%) at the beginning of
treatment (P = 0.3). In a third experiment (unpub-
lished), 391 lactating beef cows were treated similarly,
except that inseminations were done 23 to 33 h after
the second estradiol treatment. Calving rates did not
differ among groups, but numerically more cows insem-
inated late (from 29.5 to 33.5 h after EB treatment)
calved to the fixed-time AI. This trend was confirmed
in a subsequent unpublished experiment involving 226
lactating beef cows. Although there would appear to be
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considerable flexibility in insemination time following
CIDR removal and EB treatment, later insemination
times (e.g., 34 to 38 h) should be investigated further.
In addition, results do not provide convincing support
for the use of progesterone along with estradiol benzo-
ate at the time of CIDR insertion.

Effects of Cyclicity

Studies were conducted to determine the effects of
reproductive status (noncycling vs. cycling) in a 7-d
pLH/CIDR-based Cosynch program for fixed-time Al
(Kastelic et al., 2001). Seventy-seven Hereford-cross
heifers were confirmed to be cycling and 22 were con-
firmed to be noncycling by plasma progesterone analy-
sis. Following CIDR removal, heifers were monitored
electronically (HeatWatch) for estrus, but all were
fixed-time inseminated concurrent with the second pLH
treatment (d 9). There was no significant difference
between cycling and noncycling heifers for rate of syn-
chronous estrus, and pregnancy rate to fixed-time Al
(58%) was not significantly affected by reproductive sta-
tus (cycling vs. noncycling). Although only 78% of the
heifers were puberal at the time of treatment, 97% had
a functional CL 7 d after fixed-time AI. However, nu-
merically more heifers in the cycling group became
pregnant, which is consistent with the results of the
study reported by Lucy et al. (2001).

Resynchronization

A great deal of the genetic potential of Al bulls is not
utilized because few producers take the time to rebreed
cattle that do not conceive in an estrus synchronization
program; time saved in a timed-Al program would be
lost by watching for return to estrus in nonpregnant
cattle. It was hypothesized that the knowledge and
technology developed in these experiments could make
it feasible to synchronize return to estrus (and ovula-
tion) as part of a total breeding program. Macmillan
and Peterson (1993) had previously reported that the
reinsertion of a used CIDR device at midcycle and sub-
sequent removal on d 21 resulted in all repeats oc-
curring over a 3-d period. Therefore, several experi-
ments were conducted to determine the efficacy of pro-
gestins for resynchronization of return to estrus in
heifers not pregnant to fixed-time Al.

In a preliminary experiment (unpublished), a used
CIDR was placed in 79 heifers from d 13 to 20 after
fixed-time AI, and the remaining 80 heifers were un-
treated controls. Mounting was monitored electroni-
cally (HeatWatch) for 6 d after CIDR removal, and Al
was done 6 to 12 h after the onset of estrus. The mean
interval from fixed-time Al to the return to estrus was
22 d (range, 4 d) in the CIDR-treated group vs. 19 d
(range, 7 d) in the Control group (P < 0.001; variance,
P < 0.07), but estrus rates and conception rates did
not differ.

A subsequent experiment was designed to compare
the use of a used CIDR and MGA and to investigate

whether the addition of estradiol to a resynchronization
program would increase the synchrony of estrus and
pregnancy rates to a single reinsemination (Martinez
et al., 2001). Fixed-time inseminated heifers (n = 651)
were randomly assigned to seven groups for resynchro-
nization (n = 93 per group). Heifers received no treat-
ment (Control), MGA (0.5 mg-animal™-d™}; three
groups), or a used CIDR (three groups) for 7 d, starting
13 + 1 d after fixed-time Al The three treatment groups
were 1) no further treatment; 2) 0.5 mg of E-173 plus
50 mg of progesterone on d 13; or 0.5 mg of E-177 plus
50 mg of progesterone on d 13 and 0.5 mg of E-17/3 on
d 21 (48 h after the last feed of MGA or 24 h after CIDR
removal). Heifers were inseminated 6 to 12 h after first
detection of estrus. Variability in return to estrus was
greater (P <0.001) in the Control group than in proges-
tin-treated groups. Conception and pregnancy rates in
heifers given a CIDR (65 and 61%, respectively) were
higher (P < 0.01) than those given MGA (50 and 40%),
but were not different from Controls (62 and 55%). In
summary, following fixed-time AI, progestins (used
CIDR or MGA) and estradiol-173 can be used to resyn-
chronize follicle waves, estrus, and ovulation, facilitat-
ing a synchronous reinsemination of nonpregnant heif-
ers. However, used CIDR devices seemed more effica-
cious than MGA in this study. In a follow-up study (our
unpublished results), 979 beef heifers that had been
fixed-time inseminated received a used CIDR device
from d 13 to 20. The overall pregnancy rate to fixed-
time Al was 56%. After CIDR removal on d 20, 336
heifers were detected in estrus between d 21.5 and 25.5,
with a mean and mode of 22.5 d. Ninety heifers (21%
of those found to be nonpregnant by ultrasound exami-
nation on d 28) were found to be not pregnant, even
though they were not detected in estrus. Of the 336
heifers that were reinseminated, 238 (71%) became
pregnant, for an overall pregnancy rate of 81% to two
inseminations, with 4 d of estrus detection; in the previ-
ous study, untreated (control) heifers were detected in
estrus over a 10-d period.

Commercial Preparations of Steroid Hormones

Although EB and E-173 were both shown to be very
efficacious for the synchronization of follicular wave
emergence and ovulation for fixed-time Al in CIDR-
treated cattle, neither estrogen preparation is commer-
cially available in Canada or the United States. How-
ever, a much longer-acting ester, ECP (Pharmacia Ani-
mal Health, Orangeville, ON, Canada) is available to
practicing veterinarians. Three experiments were con-
ducted to investigate the use of ECP for synchronizing
follicular wave emergence and ovulation in beef heifers
treated with a CIDR device (Colazo et al., 2002). In the
first experiment, ECP was shown to be very efficacious
in inducing ovulation of the dominant follicle of an E-
173-synchronized wave; 19 of 20 ECP-treated heifers
ovulated between 72 and 96 h after CIDR removal,
confirming earlier studies in GnRH-treated cattle (re-
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viewed in Thatcher et al., 2001). In a second experi-
ment, follicular wave emergence was more variable (P
<0.01) in CIDR-treated heifers given ECP (n =30) than
in those given E-175 (n =28; 4.0 + 0.26 d vs. 3.3 £ 0.15
d), but there was no difference in pregnancy rates to
fixed-time Al when ECP was given 24 h after CIDR
removal to synchronize ovulation (overall mean, 71%;
P >0.2).

A larger experiment was conducted to compare ECP
plus a commercial source of progesterone with GnRH
in a CIDR-based, fixed-time AI program (Colazo et al.,
2002). On d 0, all heifers (n = 979) received a CIDR and
were randomly allocated to receive either 100 g of
GnRH (n =491) or 1 mg of ECP plus 50 mg of progester-
one (Progesterone 5%, Vétoquinol N-A Inc., Lavaltrie,
QC, Canada; n =488). The CIDR devices were removed
and PGF,, was givenon d 7 or 8.5 in the GnRH and ECP
groups, respectively. Heifers were further subdivided to
receive 0.5 mg of ECP at CIDR removal or 24 h later
(with AI 58 to 60 h after CIDR removal) or a second
injection of GnRH at the time of AI (52 to 54 h after
CIDR removal). There was no difference in pregnancy
rates between groups treated with GnRH (276/491,
56%) or ECP (277/488, 57%) on d 0. However, pregnancy
rate was higher (P < 0.01) in heifers receiving ECP 24
h after CIDR removal (216/331, 65%) than at CIDR
removal (168/320, 52%) or GnRH at AI (169/328, 51%).
Data demonstrate that commercially available steroids
can be used successfully to synchronize follicular wave
emergence and ovulation in a CIDR-based, fixed-time
Al program in beef heifers.

Use of Controlled Internal Drug Release Devices in
Superstimulation Protocols

Precise control of ovarian function is essential for
successful superovulation. Although gonadotropin
treatments are usually initiated on d 8 to 12 of the
estrous cycle to coincide with emergence of the second
follicular wave, superstimulatory response can be ad-
versely affected if these treatments are not initiated
precisely at wave emergence (Nasser et al., 1993). Su-
perstimulatory treatments can be initiated at an opti-
mal time by synchronization of follicular wave emer-
gence in CIDR-treated donor cattle, eliminating the
need for estrus detection and the obligatory delay of 8 to
12 d. One approach involves transvaginal ultrasound-
guided follicle ablation at random stages of the estrous
cycle to synchronize wave emergence, followed by FSH
1 d after ablation, and PGF,, 48 h later (Bergfelt et al.,
1997). It was found that the timing of estrus could be
controlled most accurately when a progestin implant
was inserted for the period of superstimulation and two
injections of PGF,, were administered on the day of
implant removal. In a more recent study, ablation of
the two largest follicles was shown to be as efficacious
in synchronizing follicular wave emergence for super-
stimulation as ablating all follicles 25 mm (Baracaldo
et al., 2000), thereby eliminating the need to identify

the dominant follicle. Therefore, ultrasound-guided fol-
licular ablation can be used (along with a CIDR) to
eliminate the effects of a dominant follicle prior to ini-
tiating gonadotropin treatments.

The reported asynchrony in follicular wave emer-
gence (from 3 d before to 5 d after treatment; Martinez
et al., 1999) suggests that GnRH or pLH may not be
feasible for superstimulation. Indeed, when GnRH or
pLH were compared to E-175 for the synchronization
of follicular wave emergence prior to superstimulation
(Deyo et al., 2001), the number of ova/embryos collected
was reduced in the GnRH- or pLH-treated cattle. There-
fore, the use of GnRH or pLH to synchronize follicular
wave emergence prior to initiating superstimulatory
treatments is not recommended.

The preferred approach is to use estradiol to synchro-
nize follicular wave emergence in CIDR-treated donor
cows. On d 0 (random and unknown stages of the es-
trous cycle), a CIDR is inserted and an injection of 5
mg of E-173 plus 100 mg of progesterone is given to
synchronize follicular wave emergence. Four days later,
gonadotropin treatments are initiated and CIDR are
removed 48 to 72 h later, 12 h after a first injection of
PGF5,. Inseminations are done 12 and 24 h after the
onset of estrus (or 60 and 72 h after the first PGF,,
injection). Data from several experiments and commer-
cial embryo transfer records show that this approach
is very practical, and superovulatory responses were at
least as high as when treatments were initiated around
the time of emergence of the second follicular wave
(reviewed in B6 et al., 2002).

The use of estradiol esters (e.g., EB or estradiol valer-
ate) has also been investigated. Treatment with 2.5 mg
of EB and 50 mg of progesterone given at CIDR inser-
tion resulted in synchronous emergence of a new follicu-
lar wave 3 to 4 d later (Caccia and B6, 1998). Superstim-
ulatory treatments initiated 4 d after the administra-
tion of 5 mg of E-17/ plus 100 mg of progesterone, 2.5
mg of E-173 plus 50 mg of progesterone, or 2.5 mg of EB
plus 50 mg of progesterone resulted in superovulatory
responses comparable to those initiated 8 to 12 d after
estrus (reviewed in B6 et al., 2002). Treatment with 5
mg of estradiol valerate plus 3 mg of norgestomet re-
sulted in less synchronous follicular wave emergence
and a lower superovulatory response than 5 mg of E-
175 plus 100 mg of progesterone (Mapletoft et al., 1999).
Unfortunately, lower doses of estradiol valerate have
not been investigated. Collectively, these studies dem-
onstrate that exogenous control of follicle wave emer-
gence offers the advantage of initiating superstimula-
tory treatments at an optimal time for follicle recruit-
ment, regardless of the stage of the estrous cycle. The
treatment is practical, easy to follow by farm personnel,
and more importantly, the need for estrus detection
and waiting 8 to 12 d prior to initiating gonadotropin
treatments is eliminated.

Implications

Variable responses have been one of the most frus-
trating limitations of estrus synchronization and super-
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ovulation in cattle. However, protocols that control both
ovarian follicles and luteal function have provided op-
portunities for fixed-time artificial insemination (with-
out estrus detection). Inserting a controlled internal
drug release device and synchronizing ovarian follicu-
lar development consistently resulted in high preg-
nancy rates to fixed-time artificial insemination, re-
gardless of stage of the estrous cycle. Similarly, used
controlled internal drug release devices were beneficial
for resynchronization of heifers not pregnant to fixed-
time artificial insemination. Although variability in re-
sponse to superstimulation has not been completely
eliminated, protocols involving synchronization of fol-
licular wave emergence in controlled internal drug re-
lease-treated cattle offer the convenience of initiating
treatments immediately or at a self-appointed time,
without estrus detection and without adversely affect-
ing the superovulatory response or number of transfer-
able embryos.
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Simulating the partitioning of dietary amino acids: New directions
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ABSTRACT: In developing a mathematical model to
allow prediction of growth in mammals, the simulation
of amino acid metabolism is of particular importance
because the predicted rate of protein deposition has a
disproportionate influence on predicted body mass. In
reality, the absorption and metabolism of amino acids
in mammals is complex and highly integrated with con-
tinuous flux within and between body cells. To model
amino acid transactions, however, a simplified con-
struct of metabolism describing discrete physiological
and metabolic processes must be developed. In the con-
struct discussed here, a distinction is made between
maintenance processes and those processes associated
with growth. Growth is viewed as a function of nutrient
deposition and support costs directly related to nutrient

deposition. Several processes are emphasized and dis-
cussed, including food and amino acid intake, amino
acid absorption, amino acid losses at maintenance, net
protein deposition, inevitable amino acid catabolism,
gut endogenous amino acid loss correlated with food
intake, the turnover of body protein associated with
new protein synthesis, the synthesis of non-amino acid-,
non-protein nitrogen-containing compounds and prefer-
ential amino acid catabolism. The modeling of animal
growth has become mainstream over the last two de-
cades and models are being used increasingly in re-
search, teaching, and in commercial practice. As models
become more causal and less empirical, their validity
and utility will be enhanced.

Key Words: Amino Acids, Models, Pig, Protein, Simulation
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Introduction

Over the last three decades, considerable attention
has been given by animal scientists to the development
of causally based quantitative models describing the
absorption and subsequent utilization of amino acids
and other nutrients during animal growth. Such models
are “representations” of the real system (and thus con-
ceptual), and there are therefore different, arguably
equally acceptable, approaches or “views.” Importantly,
such models allow rigorous hypothesis testing around
what is a relatively complex and highly interactive sys-
tem. It is by the process of refutation and the formula-
tion of new hypotheses to replace the older, less ade-
quate ideas that modeling advances.

In this paper, a simplified conceptual framework is
given that has been found useful for describing protein
and amino acid transactions in the growing pig. The
framework is discussed in the light of new directions
that might be taken by modelers to increase the validity
or application of their models. It is important to bear
in mind, however, that the minimalist approach is an
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inherent principle to modeling, and models should not
be expanded simply for the sake of greater complexity,
but rather should only be further developed if this will
lead to a meaningfully enhanced causal understanding
of the phenomenon.

Background to Models

Some of the simplest amino acid models developed
were the early static factorial models, which summed
the metabolic losses of absorbed amino acids (often
bulked together into a crude estimate of a “mainte-
nance” requirement) and the amino acids deposited in
new proteinaceous tissue, and then corrected the sum
to take into account the inefficiency of utilization of
absorbed amino acids. Such models were particularly
popular in poultry nutrition (Hurwitz and Bornstein,
1973; Smith, 1978; Hurwitz et al., 1983), and an exam-
ple in pig nutrition is the early work of Whittemore and
Fawcett (1974). These early models paved the way for
the development of more sophisticated models that take
into account not only the amino acids, but also the
nonprotein dietary energy and the interaction between
amino acids and ME. These biological models include
parameters affected by the nutritional history of the
growing animal and incorporate adaptive control pro-
cesses and impose limits on physiological and biochemi-
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Table 1. Biological processes underlying amino acid utilization in the growing pig

1. Ingestion of dietary amino acids
. Amino acid absorption
3. Maintenance®

[\

4. Growth

Turnover of body protein

Integumental amino acid loss

Gut endogenous amino acid loss

Synthesis of non-protein nitrogen-containing compounds
Urinary amino acid losses

Body protein accretion

Support costs

oooooog

Inevitable amino acid catabolism

Gut endogenous amino acid loss

Turnover of body protein

Synthesis of non-protein nitrogen-containing compounds

Preferential amino acid catabolism

2A distinction is made between basal or maintenance processes (i.e., those occurring in the hypothetical
state whereby body tissue is neither gained nor lost) and those processes associated with the accretion of
new body tissue. The rate of a process at maintenance is defined as that rate commensurate with a daily
food intake under which body weight is neither gained nor lost. Rates of the processes during growth are
variable. It should be noted that for most of the metabolic processes, there is actually a natural continuum
between maintenance and growth and that the distinction between states is arbitrary and reliant upon

definition.

cal processes. Elements of these models are often caus-
ally based or deductive, and thus give considerable in-
sight to the complex system being modeled.

A number of models simulating the uptake, metabo-
lism, and partitioning of dietary nutrients in the grow-
ing pig have been developed (Whittemore and Fawcett,
1976; Moughan, 1981; Phillips and MacHardy, 1982;
Tess, 1983; Whittemore, 1983; Moughan and Smith,
1984; Black et al., 1986; Stombaugh and Oko, 1980;
Emmans, 1986; Moughan et al., 1987; Watt et al., 1987,
Burlacu et al., 1988; Pettigrew et al., 1989; Pomar et
al., 1991, Bridges et al., 1992; Ferguson et al., 1994; de
Lange, 1995; Larduet and Savon, 1995; Knap, 1996;
van Milgen et al., 2000).

As the field of pig growth modeling has developed,
there has been a tendency for models to become more
causal (less empirically based) and to further differenti-
ate among the dietary nutrients and their ultimate met-
abolic fates (Boisen and Verstegen, 2000; Birkett and
de Lange, 2001). This requires a detailed modeling of
the ingestion, digestion, absorption and metabolism of
amino acids.

A Framework for the Simulation
of Amino Acid Metabolism

Clearly, the absorption and metabolism of amino
acids in mammals is complex and highly integrated,
with continuous flux within and between body cells.
It is useful, however, and inherently necessary when
constructing a model of metabolism, to consider amino
acid metabolism as several discrete physiological pro-
cesses (Table 1) that underlie or are causative to amino
acid utilization. In the scheme presented here, the clas-
sical distinction is made between the “maintenance” or
“basal” processes and those associated with growth. In

reality, however, these multiple sets of processes are
highly interrelated. Nevertheless, it is considered use-
ful to conceptualize and represent overall metabolism
in two parts: maintenance and growth. At zero nitrogen
retention, there are still costs associated with body pro-
tein metabolism, and these are the classical “basal” or
“maintenance” costs. With positive nitrogen retention,
there are extra costs incurred associated with main-
taining the proteinaceous body tissues. These are re-
ferred to here as support costs for growth.

Much has been written recently about these various
maintenance and growth processes (Moughan, 1999;
Black, 2000; Whittemore 2001a; Moughan and Fuller,
2002) and the present contribution will not cover the
same ground. Rather, possible new directions for model-
ing these components will be emphasized.

Modeling the Component Processes

Simulating Voluntary Food Intake
and the Ingestion of Amino Acids

The amount of an amino acid ingested is a function
of the quantity of food ingested and the amino acid
composition of that food. The approaches and limita-
tions to modeling voluntary food intake in the pig have
been discussed (Emmans, 1995; Kyriazakis and Em-
mans, 1999; Black, 2000; Whittemore et al., 2001a).

A decision must be made by the modeler as to which
of the dietary amino acids should be explicitly repre-
sented in the model. The usual approach has been to
include selected dietary essential amino acids or all the
traditionally considered dietary essential amino acids
and the dietary nonessential amino acid component.
However, it is becoming increasingly apparent (Ball et
al., 1986; Fuller, 1994; Reeds and Beckett, 1996) that
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under certain conditions, amino acids traditionally con-
sidered to be dietary nonessential can become rate-lim-
iting, and the concept of conditional essentiality has
been introduced. Thus, in some cases (e.g., modeling
amino acid transactions in the young pig), it may be
important to model the metabolism of amino acids, such
as proline and arginine, explicitly. Particularly in rela-
tion to energetics, it may be useful to model the gut
utilization of dietary glutamic acid, and the subsequent
systemic body cell synthesis of glutamate, which is en-
ergy demanding (Reeds et al., 1998). For young animals,
it may also be useful to directly model the interconver-
sions of methionine to cysteine and phenylalanine to
tyrosine. Further, in some models, the uptake and me-
tabolism of lysine have been emphasized with other
amino acids described by reference to an “ideal” amino
acid balance. However, there is no single “ideal” dietary
amino acid balance with the balance of amino acids
associated with complete utilization by the animal be-
ing influenced by numerous diet and animal factors
(Black and Davies, 1991).

Amino Acid Absorption

Most models of pig growth have relied upon the use of
empirically derived amino acid digestibility coefficients
for the constituent dietary ingredients to predict the
uptake of dietary amino acids from the gut. This ap-
proach is static and does not allow for temporal dynam-
ics to be simulated. Bastianelli and Sauvant (1995) and
Rivest et al. (2000) have recently taken an alternative
approach, where an attempt has been made to model
the mechanisms known to underlie the digestive and
absorptive processes. This allows the varying rate of
flux of amino acids following a meal to be simulated
and potentially allows description of factors (both di-
etary and animal) known to affect amino acid digestibil-
ity. The limitation of empirically derived amino acid
digestibility coefficients in not accounting for the kinet-
ics of amino acid absorption has been discussed by Rerat
(1990), who correctly emphasizes the marked influence
on efficiency of protein synthesis consequent upon syn-
chronization of the dietary amino acid supply to the
sites of protein synthesis, as well as the synchronization
of the supply of amino acids and nonamino energy-
supplying compounds. The degree of amino acid utiliza-
tion is a function of both the extent of digestion and
absorption of nutrients and the timeliness of the absorp-
tion. Thus, model components that can predict the ki-
netics of amino acid absorption stand to improve the
accuracy of prediction of pig growth. There is an oppor-
tunity for such models to be causal, based around the
physical laws governing fluid flow, rates of hydrolytic
breakdown, and absorption related to gut surface area.

Whatever approach is used, it is still necessary to
apply some factor, to account for food-related differ-
ences in the susceptibility to hydrolysis of molecular
linkages. Usually, these factors will be based on differ-
ences in ileal amino acid digestibility (Moughan, 1995).

However, compelling evidence has recently been pub-
lished from experiments using stable isotopes that es-
sential amino acids are synthesized by gut microbes
and are then absorbed (Fuller and Reeds, 1998; Metges,
2000). Such synthesis may make a quantitatively im-
portant contribution to amino acid supply; if so, it needs
to be modeled. Studies are urgently needed to define
what net contribution may accrue from intestinal bacte-
rial proteolysis and amino acid synthesis and catabo-
lism. If, overall, there is either a practically significant
net synthesis or catabolism of amino acids in the upper
digestive tract, then either digestibility coefficients will
need to be refined or a description of the metabolism
of the intestinal microflora be incorporated within mod-
els of the digestive process.

A final point is that when using ileal amino acid
digestibility coefficients in modeling amino acid trans-
actions, cognizance needs to be given to how apparent,
true, and real coefficients (Boisen and Moughan, 1996b)
should be applied, and in the case of processed proteins,
the digestibility of reactive lysine should be incorpo-
rated in the model (Moughan, 2002) rather than conven-
tional estimates of digestibility.

Maintenance

In the hypothetical state whereby a growing pig is
neither gaining nor losing net body protein, metabolic
processes are occurring that lead to the loss of protein-
aceous material from the body, which must in turn be
replaced by the diet. These processes are: 1) losses of
amino acids via skin and hair; 2) losses of nitrogen of
amino acid origin in urine reflecting inefficiency in the
process of body protein turnover; 3) basal gut endoge-
nous amino acid losses (mainly mucus, bile, desqua-
mated cells); 4) the irreversible loss of amino acids in
synthesizing essential non-amino acid nitrogenous me-
tabolites (e.g., creatinine); 5) irreversible chemical al-
terations of amino acids (e.g., lysine to hydroxylysine);
and 6) the loss of free amino acids in the urine.

The latter three processes are considered to be quan-
titatively minor at maintenance. The first three proc-
esses, however, are more important (Moughan, 1999)
and need to be incorporated in models. Although in
total, and for a rapidly growing animal, the mainte-
nance amino acid requirement is only a small propor-
tion (about 10% or less) of the total daily amino acid
requirement, certain dietary essential amino acids are
required disproportionately (e.g., cysteine loss in skin
and hair, threonine loss in gut endogenous protein are
relatively high).

Growth

For a rapidly growing animal, the actual net reten-
tion of amino acids into body protein explains a large
part of the dietary amino acid need. However, the nu-
merous support costs associated with this net protein
accretion are certainly not insignificant and merit close
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attention in the modeling of amino acid partitioning.
It is possible to model amino acid retention as the net
outcome of the two fundamental processes—protein
synthesis and protein degradation—and this has been
attempted (Pomar et al., 1991). Such an approach also
allows protein retention to be related to cellular levels
of DNA and messenger RNA. Although this approach
has its attractions, protein synthesis and degradation
have proven difficult to measure empirically, and sound
data for modeling purposes are lacking. It has been
more common to determine net rates of whole body
protein retention under optimal dietary and environ-
mental conditions as estimates of biologically maximal
rates of body protein retention (Pdmax) for the particu-
lar type of animal. The intrinsic upper limit to whole
body protein retention is an important constraint on
growth since the cell has a finite capacity for protein
synthesis and is unable to store free amino acids for
later use. If, after a meal, the uptake of balanced amino
acids required for protein synthesis exceeds the ani-
mal’s capacity for protein synthesis, surplus amino
acids are deaminated and the carbon skeletons eventu-
ally degraded. The Pdmax is influenced by genotype
(breed and strain), gender, and age, and mean values
reported in the literature range from as low as 90 g/d to
values exceeding 200 g/d (Whittemore, 1983; Campbell,
1985). Recently, very thorough work has been con-
ducted to determine upper limits to lean retention in
North American pig populations (Schinckel, 1999). As
animals are grown over progressively wider live weight
ranges, it has become necessary to model the effect
of age on Pdmax (Moughan, 1999; Whittemore et al.,
2001b). It is also apparent that under practical farming
conditions, pigs may not achieve the Pdmax value for
their strain/breed as determined under breeding sta-
tion or research center conditions, presumably because
of effects due to factors such as subclinical disease,
thermal environment, and social conditions (Baker and
Johnson, 1999; Black et al., 1999; Burrin et al., 2001).
For this reason the term “operational Pdmax” has been
coined (Moughan et al., 1995), and operational Pdmax
values have been determined on-farm (Morel et al.,
1993; Moughan et al., 1995). The support costs for net
protein accretion arise from processes such as endoge-
nous gut amino acid losses, body protein turnover, inev-
itable amino acid catabolism, and the use of amino acids
to synthesize essential non-amino acid nitrogenous
compounds or in the irreversible structural alteration of
amino acids. These support processes tend to be directly
related to the rate of body protein retention, with higher
net retentions incurring greater costs. There is exten-
sive literature on gut endogenous amino acid losses
(Boisen and Moughan, 1996a), with the method of de-
termination being a central issue (Hodgkinson and
Moughan, 2000). The traditional protein-free approach
to determining gut endogenous amino acids has been
discredited, and alternative approaches have been ap-
plied to yield more meaningful data. Gut amino acid
losses are related to food dry matter intake and are

influenced by dietary composition, especially the
amount and type of plant nonstarch polysaccharides
(fiber) and antinutritional factors (e.g., tannins, lectins,
trypsin inhibitors). It is now possible to model some of
these effects directly. Indeed, the major (and dispropor-
tionate relative to its size) impact that the gut has on
both energy and protein metabolism in growing animals
suggests that gut turnover and growth may merit being
modeled directly.

The study of Bikker et al. (1994) demonstrates an
effect of both dietary energy and protein intakes on the
proportion of whole body protein associated with either
the carcass or the organs (including blood). Further,
and given that the carcass component (and indeed com-
ponents of the carcass) and the various organs have
quite different amino acid compositions, the amino acid
composition of whole body protein may vary with the
level of nutrition and rate of growth, and thus there
may be a case for modeling the growth of different body
parts separately. It may also be useful to directly and
explicitly model the degradation of amino acids in the
hindgut with subsequent uptake of ammonia. Consider-
able quantities of ammonia are absorbed in the hindgut
(confer ileal/faecal digestibility coefficient differences)
and are synthesized to urea. Some of this urea is recy-
cled into the gut, but much of the synthesized urea is
excreted in the urine. These processes are important
both energetically and in terms of nitrogen loss.

The use of amino acids as precursors for the synthesis
of other non-amino acid (or irreversibly altered) nitroge-
nous compounds may also be quantitatively important
in some cases (Reeds, 1988; Fuller, 1994) and should
be considered for explicit representation in models. By
way of example, the gut may use large amounts of cyste-
ine to synthesize mucins and glutathione (Burrin et al.,
2001), which may in turn lead to a metabolic demand
for methionine. In fact, methionine is involved as a
methyl donor in several different pathways. With re-
spect to gut cysteine demand, it is interesting to note
recent findings from the University of Alberta (Shovel-
ler et al., 2000) of a 35% lower requirement of piglets
for methionine under total parenteral nutrition as op-
posed to enteral feeding.

Body protein turnover increases with the rate of net
body protein accretion (Milligan and Summers, 1986)
and has an important potential impact upon nitrogen
utilization since body protein turnover is unlikely to
be completely efficient. The turnover of different body
protein depots has been directly simulated in the recent
work from Knap and Schrama (1996).

The concept of inevitable catabolism refers to the
catabolism of the dietary first-limiting amino acid,
which occurs during growth quite unrelated to energetic
need, and is simply due to the existence of active cata-
bolic enzyme systems in the cell. The recent work of
Peter Reeds and his group has shed new light on the
phenomenon of inevitable catabolism, in respect of first-
pass gut metabolism. It is now clear (Fuller and Reeds,
1998; Burrin et al., 2001; Stoll et al., 1999) that the gut
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tissues account for a considerable degree of the overall
amino acid metabolism. Also, intriguing new data point
to an important role for the enterocyte in the catabolism
(oxidation) of absorbed dietary amino acids, including
dietary essential amino acids and the often dietary first-
limiting amino acid, lysine. The observed substantial
degree of “first-pass” metabolism by the gut tissue may
explain an important fraction of “inevitable catabo-
lism.” In a pivotal study by Stoll et al. (1998), approxi-
mately one third of dietary lysine intake was metabo-
lized by the gut tissues in 28-d-old pigs, with only 18%
of the first-pass metabolism being accounted for by gut
protein synthesis (i.e., incorporation of lysine in muco-
sal tissue). This infers that there is a considerable de-
gree of first-pass lysine catabolism and that the entero-
cyte may be an important site for the catabolism of
lysine and other dietary essential amino acids. It may
be that the enterocyte has a specific catabolic require-
ment for certain dietary essential amino acids. This is
an important new finding. From the results of a subse-
quent study (van Goudoever et al., 2000), it appears
that the first-pass utilization of lysine is influenced by
nutritional state. For 4-wk-old pigs given a high-protein
(23% crude protein) diet, there was considerable lysine
metabolism by the gut, but lysine use by the portal-
drained viscera was derived almost entirely from arte-
rial input. The relatively low amount of dietary lysine
used in the first-pass was almost entirely oxidized (rep-
resenting one third of whole body lysine oxidation or
about 5% of dietary lysine intake). When a low-protein
diet (about 9% crude protein) was given, overall lysine
metabolism was not affected, but now, and in contrast
to the high protein finding, both dietary and arterial
lysine were used by the portal-drained viscera in nearly
equal amounts, and intestinal lysine oxidation was sup-
pressed. An overview of both studies (Stoll et al., 1998;
van Goudoever et al., 2000) suggests that gut tissue
lysine metabolism in the pig may be quantitatively im-
portant and compartmentalized, and it may be influ-
enced by the level of nutrition, with increased catabo-
lism accompanying higher levels of amino acid uptake.
The data suggest a high obligatory visceral need for
lysine, with protein intake influencing gut lysine catab-
olism. The results of the two studies discussed above
are not entirely consistent with each other and further
confirmatory studies are needed. However, the studies
do suggest an important role for the gut tissuesin lysine
(and other dietary essential amino acids) metabolism
and catabolism. This is further evidence supporting the
need to model the metabolic transactions of the gut sep-
arately.

A common approach in developing pig growth models
has been to describe gut endogenous amino acid losses
directly, but to lump the other support costs together
into a single measure of “catabolic” losses. The magni-
tude of such losses can be determined experimentally
(after correcting for maintenance losses) by determin-
ing the difference between the amount of the absorbed
first-limiting amino acid and the amount of that amino

acid deposited in tissue for animals fed protein below
their maximal rate of retention and given a high-energy
diet (so that nonprotein energy sources are not lim-
iting). Sound empirical data to thus describe the effi-
ciency of utilization of the first-limiting amino acid are
lacking, and this is a major weakness in modeling
amino acid partitioning. Recent studies, however, have
addressed this issue and useful information is begin-
ning to emerge (Moughan, 1999; Edwards et al., 1999).

Kees de Lange and coworkers at the University of
Guelph have recently conducted a series of carefully
controlled serial slaughter studies that provide useful
new information. Growing pigs (mean live weight of
50 to 60 kg) were fed a highly digestible casein and
cornstarch diet, wherein a prescribed dietary essential
amino acid was clearly first-limiting. Animals were
screened, in a preliminary nitrogen balance study, for
their upper limits to body protein retention (Pdmax) to
allow selection of a cohort of animals with similar
Pdmax. Feeding levels were varied such that the first-
limiting amino acid was supplied at set proportions
of the amount of the amino acid needed to meet the
estimated requirement to support Pdmax. Metaboliz-
able energy intake exceeded the determined require-
ment to support Pdmax. In the first study (Mohn et al.,
2000) in which lysine was the first-limiting amino acid,
the marginal efficiency of using absorbed (true ileal
digestible reactive lysine) lysine for protein deposition
was 0.75 and was not affected by ME intake or available
lysine intake. Thus, approximately 25% of the absorbed
available lysine was unaccounted for, presumably
largely lost to catabolism. In a further study in which
threonine was the first-limiting amino acid (de Lange
et al., 2001), a marginal efficiency of utilization of ab-
sorbed threonine of close to 75% was determined, and
the efficiency of utilization was not affected by live
weight, but there was some indication that threonine
utilization was highest at the lowest threonine intake.
Threonine disappearance was relatively constant at
23.7% of available threonine intake, when threonine
intake varied between 70 and 100% of the threonine
requirement to support Pdmax. Conversely, Reijmers
et al. (2000) reported that the efficiency of utilization
of available methionine plus cysteine (above mainte-
nance), decreased with increasing methionine plus cys-
teine intake from a high of 90% (60% of Pdmax) to a
low of 71% (100% of Pdmax).

Whittemore et al. (2001b) have attempted to provide
a basis for inefficiency in the utilization of the dietary
first-limiting amino acid by relating the efficiency of
utilization of ideal protein to protein (amino acid) losses
associated with body protein turnover, which are con-
sidered to increase with the rate of protein retention.
Although such an approach undoubtedly explains part
of the inefficiency of utilization of the absorbed first-
limiting amino acid, losses from turnover may not be
the only or the most important source of inefficiency.
For example, there may be, as discussed above, quite
substantial “first-pass” catabolism of dietary essential
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amino acids by the gut enterocytes. There is also likely
to be some degree of catabolism (inevitable) of absorbed
dietary amino acids by other body cells. However, losses
due to body protein turnover are likely an important
contribution to overall inefficiency of utilization. As
more information becomes available, it would appear
possible to model the inefficiency of dietary first-lim-
iting amino acid utilization based on a component re-
lated to inevitable catabolism plus other inevitable
losses, and to a possibly more variable component re-
lated to rate of body protein turnover.

The processes leading to postabsorptive inefficiency
of utilization of the absorbed first-limiting amino acid
collectively account for a loss of around 20 to 25% of
the absorbed first-limiting amino acid. The efficiency
of utilization may vary among the different absorbed
amino acids and may be affected by the amount of the
absorbed amino acid relative to the amount required
for maximal body protein synthesis (Moughan, 1989;
Seve and Henry, 1995), though this is a contentious
issue (Mo6hn et al., 2000; de Lange et al., 2001).

There is a well-understood nutritional interaction be-
tween dietary protein and energy (nonprotein energy
supplying nutrients) stemming from the fact that pro-
tein synthesis is an energy-demanding process with
amino acids being both substrates for protein synthesis
and compounds capable of yielding energy. In situations
where the nonprotein fraction of the diet is insufficient
to yield the required ATP, then amino acids will be
oxidized to supply ATP. This phenomenon needs to be
modeled. The first approach is to use empirically de-
rived functions to describe the relationship between
protein retention and energy intake when overall di-
etary energy is limiting, and thus predict the rate of
body protein retention, with lipid retention being calcu-
lated as a residual function. An alternative approach
is to assume that there can be long-run zero or negative
body lipid retention in support of protein accretion and
to then calculate energy demands and yields based on
these premises. Some researchers (Whittemore and
Fawecett, 1976) have assumed that there is a minimal
daily rate of body lipid retention (Ldinimum) that must
be supported, whereas others (e.g., Moughan et al.,
1987) have assumed that other than under conditions
of severe starvation (whereby particular adaptations
occur), the body has a desired minimal lipid content,
and thus have modeled a minimal level of body lipid
(Ltminimum)- The concept of a minimal whole body lipid
to whole body protein ratio (Lt:Pt) minimum has also
been advanced by Whittemore (1995). Emmans and Ky-
riazakis (1997) have discussed a further approach to
the problem, which also has some biological appeal.
They have proposed that the net material efficiency
(i.e., the slope of protein retention on protein supply
above maintenance) of using ideal protein for protein
retention (ep) is directly proportional to the ratio of
metabolizable energy to digestible crude protein of the
food, up to a critical value at which it attains its maxi-
mal value ep*. The value ep* is analogous to “inevitable

catabolism.” The values for ep and ep* are assumed
(based on some experimental evidence) to be constant
across genotypes and for pigs of different liveweight.
These empirical and deductive approaches have been
recently reviewed (Emmans and Kyriazakis, 1997;
Moughan, 1999).

Conclusion

The modeling of animal growth has become main-
stream over the last two decades, and important causal
theories of growth have been developed and demon-
strated to be useful in practice. At the same time, there
has been considerable progress made in our under-
standing of amino acid digestion and postabsorptive
metabolism. The challenge for modelers is to use this
new information to further develop their models of
growth to enhance validity and applicability. It seems
likely that the next generation of pig growth models
will model the biochemical utilization of individual nu-
trients (including the individual amino acids) more
closely and will begin to directly model amino acid
transactions in the gut and other subcomponents of
total body protein (e.g., liver, connective tissue vs. mus-
cle). The modeling of protein turnover in these subcom-
ponents, and the description of a hierarchy of amino
acid use for protein deposition will become increas-
ingly important.

Implications

The mathematical modeling of animal growth has
become an important tool in animal science research
and teaching. Moreover, the use of animal growth mod-
els in commercial practice offers, among other applica-
tions, a new and situation-specific approach to nutrient
requirement estimation and to the development of feed-
ing regimens. As basic knowledge is developed on the
growth and metabolism of the pig, pig growth models
will become causal, thus having enhanced validity
and utility.
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ABSTRACT: The Enviropig is a transgenic pig that
synthesizes phytase in the salivary glands and secretes
active enzyme in the saliva. This capability enables
pigs to utilize practically all the P in cereal grains and
soybean meal and to excrete fecal material usually con-
taining 60% less P than nontransgenic pigs fed the same
conventional diet lacking supplemental phosphate. By
computer simulation, it was determined that 33% less
land would be required to spread manure from
transgenic phytase pigs, and if the diet was modified
to decrease crude protein, even less land would be re-
quired. Introduction of Enviropig genetics may be per-
ceived as leading to an expansion of the pork industry,
but perhaps a more realistic view is that introduction
of the transgenic phytase pig would enhance sus-

tainability of the industry in a world with increasingly
stringent soil nutrient management legislation. The
transgenic phytase pig is probably on the leading edge
of the production of various types of genetically modified
animals that will reduce the environmental footprint
of animal agriculture through enhanced metabolic
capabilities. These pigs, and other transgenic animals
under development elsewhere, will require safety and
quality testing in the country of origin and in countries
to which the product is exported to ensure that they do
not have a deleterious effect on human health and the
environment. Consumer surveys suggest that
transgenic technology directed to issues involving envi-
ronmental sustainability and food safety will receive
the greatest support.
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Developments in Monogastric Nutrient
Management Strategies

As knowledge of the precise nutritional require-
ments of food animals increases and the nutritional
status of feedstuffs improves, there is the continuing
objective to refine the dietary needs of animals in order
to increase productivity and simultaneously reduce
any environmental impact by decreasing the output
of nutrients in fecal and urinary excretions. Various
approaches may be taken to accomplish this, including
1) formulation of rations to more precisely meet the
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dietary requirements of the animal (e.g., reduction of
the concentration of supplemental phosphate in the
ration [Shen et al., 2002] or replacement of a portion
of the crude protein by essential amino acids [Lenis
and Jongbloed, 1999]); 2) improvement in feed digest-
ibility by the addition of supplemental enzymes, in-
cluding phytase (Simons et al., 1990) or -glucanase
and xylanase (Bedford, 2000); 3) feeding more digest-
ible cereal grains (e.g., low-phytate corn) developed by
genetic mutations [Sands et al., 2001]; and 4) express-
ing genes coding for enzymes that enhance metabolic
potential of food animals (Ward, 2000). The expression
of genes coding for novel enzymes in food animals is
a rational, albeit controversial, strategy to enhance
digestive capabilities. Research on the Enviropig rep-
resents the leading edge of a revolution that will ulti-
mately change the feed industry; such research di-
rectly tackles the elusive goal of producing animals
with reduced environmental impact. The development
of animals with novel characteristics unveils new op-
portunities, but harbors uncharted challenges.
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Initial Research on the Genetic Modification of
Monogastric Animals to Enhance Digestion

Hall et al. (1993) explored the expression in mice of
an endoglucanase gene, endoglucanase E, from Clos-
tridium thermocellum to improve the capacity of
monogastric animals to digest ($-glucans present in
cereal grains and supplements. This transgene, which
was composed of the exocrine pancreas-specific pro-
moter of the elastase I gene linked to the endogluca-
nase gene, gave rise to expression of glucanase in the
pancreas of the mouse with secretion into the duode-
num (Hall et al., 1993). The glucanase secreted into
the small intestine was stable in the presence of intes-
tinal proteases, including elastase, trypsin, and chy-
motrypsin. This research was extended to expression
of the xylanase gene XYLY from C. thermocellum in
transgenic mice, and localized expression in the pan-
creas was again achieved (Fontes et al., 1999).

With a similar objective, but with the intent to
achieve regulation of synthesis linked to energy con-
sumption, Zhang et al. (1999) constructed an endoglu-
canase transgene by fusing the 2.5-kb amylase Amy
2.2 promoter and signal peptide from the mouse amy-
lase gene to the Bacillus subtilis endo-(1-4)-3-gluca-
nase gene C6.5 (Zhang et al., 1997). The transgenic
mice generated with this construct expressed gluca-
nase activity with a high degree of specificity for the
pancreas. The activity was consistent with dietary
starch inclusion, although expression was at a very
low level. These studies on glucanase expression in
the mouse model demonstrated that organ-specific ex-
pression of microbial hydrolase genes in animals is
feasible.

Glycanase and xylanase expression are appropriate
target genes for poultry since these enzymes reduce
the high viscosity of glycan polymers in the gastroin-
testinal tract that interfere with digestion. An indirect
benefit is reduced soiling of eggs because the excreta
are less watery and sticky. These genes, however, pro-
vide limited nutritional benefit for growing and fin-
ishing pigs and variable results for weanlings since
pigs have less viscous intestinal contents (Bedford,
2000). Likewise, $-glucanases contribute little to di-
rect energy production because animals lack the -
glucosidases necessary for cleavage of low-molecular-
weight ((1,3)- and (3(1,4)-linked oligosaccharides prod-
ucts into readily digestible glucose.

Phytase is an Important Target Gene for
Expression in Pigs and Poultry

Cereal grains, such as corn and barley, and plant-
based protein supplements fed to pigs and poultry con-
tain between 33 and 80% of their P in the form of myo-
inositol hexakis dihydrogen phosphate complexed
with minerals (phytate) (Jongbloed and Kemme,
1990). Pigs do not digest phosphorus in this form; in-
stead, it is concentrated in the feces by a factor of

three- to fourfold (unpublished data). As a conse-
quence of the poor digestibility, supplemental phos-
phate has been included in diets to meet the dietary
requirements for optimal growth (NRC, 1998). The
resulting high-P manure makes an excellent fertilizer
when spread on land. When the P concentration ex-
ceeds the anion-binding capacity of the soil, however,
the P can leach into normally phosphate-limited fresh-
water and marine systems, causing eutrophication
with the death of fish and aquatic animals and im-
pacting water quality (Jongbloed and Lenis, 1998;
Diaz, 2001; Sundareshwar et al., 2003).

The amount of supplemental phosphate needed in
the diet can be reduced by inclusion of the enzyme
phytase, usually at 250 to 1,000 U/kg of feed, which
hydrolyzes a portion of the phytate, thereby releasing
readily digestible phosphate. This will lead to a 25 to
50% reduction in fecal P for growing and finishing pigs
and poultry (Simons et al., 1990; Ketaren et al., 1993).
With higher concentrations of phytase added, the ex-
tent of hydrolysis can be improved, albeit with dimin-
ishing returns (Kornegay, 2001). These studies dem-
onstrate that a single discrete gene coding for a phy-
tase enzyme is able to provide the full benefit
attainable, a feature of prime importance to simplify
the generation of an efficient transgenic animal.

Site for Action of Phytase

Results of postslaughter and cannulation experi-
ments with pigs have shown that dietary phytase is
predominantly active in the stomach (Kornegay,
2001). The pH of the pig stomach varies from a low of
2.3 just prior to eating to as high as 4.6 after eating
(Clemens et al., 1975), whereas in the chicken, the
gizzard has a similar pH of 2.5 to 2.8 (Farner, 1942).
The low pH is essential for phytase action since at pH
values above 4.0, phytic acid begins to precipitate with
multivalent cations, and at pH 6.0, it is mainly present
as inaccessible precipitates (Siener et al., 2001).
Maenz et al. (1999) demonstrated that multivalent
cations at neutral pH are potent inhibitors of microbial
phytase due to the formation of phytate-mineral com-
plexes.

An ideal phytase enzyme for expression in animals,
therefore, needs to be expressed in a gastric or pregas-
tric location, be active and stable at pH values between
2 to 5, and resistant to pepsin. From a survey of micro-
bial phytases reported by Wodzinski and Ullah (1996),
and more recently by Lei and Stahl (2001), the Esche-
richia coli appA-encoded phytase has desirable char-
acteristics for expression in animals not shared by
other phytases, which include a high activity (Golovan
et al., 2000) exceeding that of recently cloned fungal
enzymes (Lassen et al., 2001) and resistance to pepsin
at low pH (Rodriguez et al., 1999; Golovan et al., 2000)
(Table 1). These in vitro characteristics are borne out
by animal studies showing that the AppA phytase is
as effective as the commercially available Aspergillus
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Table 1. Important characteristics of an enzyme product and
a transgene for expression in animals

Protein product/enzyme
Protease resistance.

Low K,, (Michaelis constant).
High V..

Low molecular weight.
Monomeric.

ransgene

Strong Kozak consensus sequence.
Locus control region present.

PN GO 00N TR 0N

Sequences affecting expression removed.

Suitable pH optimal depending upon site of action.

Temperature optimal for high activity at 37°C.
Signal sequence for export if extracellular activity is a prerequisite.
Post-translational sites should not affect secretion to desired location, and activity and stability.

Promoter with appropriate recognition and regulation.
Enhancer with desired strength and tissue specificity.

Sequences necessary for correct post-translational modification of mRNA.
Genomic copy of structural gene if of eukaryotic origin.
Codon usage and distribution suitable for expression in a monogastric animal.

phytase (on a per unit basis) in improving the P bio-
availability in diets of chicks (Leeson et al., 2000),
broiler and layer poultry (Ighasan et al., 2001), and
in diets of young pigs (Igbasan et al., 2001).

Promoter Selection, Secretion Signals, and
Construction of the Transgene

Promoter selection and specifications for construc-
tion of a transgene are critical (Table 1) to obtain or-
gan-specific excretion of a target protein at a regulated
and effective level. In the case of phytase expressed
in the salivary glands, efficient unidirectional export
from acinar cells into a pregastric site of the gastroin-
testinal tract was essential because phytate and a
number of lower inositol phosphates have important
roles in intracellular metabolism including 1) signal-
ing mobilization of Ca®"; 2) regulation of membrane
trafficking and cytoskeleton organization; 3) gene ex-
pression; and 4) export of messenger RNA from the
nucleus (York et al., 2001). Therefore, any intracellu-
lar expression of the phytase could be lethal to the
embryo.

No porcine salivary promoters were available for
pregastric expression of phytase; however, two murine
promoters with appropriate characteristics for sali-
vary expression were available: the rat proline-rich-
protein promoter (Tu et al., 1993) and the mouse par-
otid secretory protein (PSP) promoter (Laursen and
Hjorth, 1997). The E. coli appA structural gene, in-
cluding the signal peptide sequence, which has a codon
usage profile close to that of eukaryotic genes (S. P.
Golovan, unpublished data), was inserted downstream
of each of these promoters (Golovan et al., 2001a). The
inducible proline-rich-protein promoter-appA con-
struct was initially introduced into mice by pronuclear
microinjection (Hogan et al., 1986) to test whether
induction of phytase synthesis would be deleterious.

Healthy transgenic offspring were obtained using this
promoter, and phytase was secreted in the saliva after
induction by injection of isoproterenol, documenting
that phytase expression in animals was not lethal.
The constitutive parotid secretory protein promoter-
phytase transgene (PSP-APPA transgene, Laursen
and Hjorth, 1997) was then successfully introduced
into mice. Two healthy transgenic offspring were pro-
duced; one of these synthesized phytase and secreted
the enzyme in the saliva, which demonstrated that
constitutive synthesis of salivary phytase was not del-
eterious and at the same time resulted in reduced
fecal P.

Generation of Pigs Producing Salivary Phytase

The PSP-APPA transgene (Golovan et al., 2001a)
was used for the generation of transgenic pigs by pro-
nuclear microinjection following the procedure of Wall
et al. (1985). Thirty-three independent founder (Gg)
transgenic piglets were obtained. Many of the individ-
ual Gy animals were tested periodically for salivary
phytase throughout the growth phase. Figure 1 illus-
trates the erratic results obtained by collecting saliva
from the mouth of a pig with a cotton swab. Despite
the variation in sampling, the ability to conduct a
convenient, rapid, and noninvasive test for salivary
phytase continues to be particularly useful. The figure
also shows the percentage reduction of P in fecal sam-
ples from the same transgenic pig during the weaning,
growing, and finishing phases compared with non-
transgenic littermates when fed a conventional diet
containing supplemental P. This data demonstrated
the potential of founder (Gy) pigs to digest phytate P.
When weanling and growing-finishing pigs from the
G generation of one line (WA line) of transgenic pigs
were tested for true digestibility of dietary P in soy-
bean meal as the sole source of P using an ileal cannu-
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Figure 1. Salivary phytase production, growth, and fe-
cal P reduction by the transgenic G, pig 421-06 compared
with nontransgenic littermates receiving conventional
diets with supplemental phosphate. A) Phytase activity
(M) and weight gain (e ); B) phytase specific activity; C)
weight gain of transgenic pig (e ) and nontransgenic lit-
termates (A, n = 4). The percentage values at the top of
the figure indicate the reduction in fecal P compared with
nontransgenic littermates.

lation methodology (Fan et al., 2001), they were found
to digest 88 and 99% of the dietary P, respectively,
compared with nontransgenic pigs that digested 49
and 52%, respectively (Golovan et al., 2001b). Fecal
material from the weanling and growing-finishing
phytase pigs contained a maximum of 75 and 56% less
P, respectively, than that of nontransgenic pigs fed the
same diet. Since the transgenic phytase pigs digested
practically all of the dietary P, the P entering the
terminal ileum of these pigs presumably consisted pri-
marily of differentiated enterocytes released from the

mucosa during the process of continual epithelial re-
generation (Ramachandran et al., 2000).

Boars and gilts transgenic for the phytase gene that
were fed a conventional cereal grain diet lacking sup-
plemental P during the finishing phase had fecal P
concentrations that were 67 and 64%, respectively,
less than the corresponding nontransgenic pig in the
same trial (Golovan et al., 2001b). It is worth noting
that the preliminary observations on the G, pigs were
borne out by the more comprehensive data obtained
from feeding trials with G; and Gsweanling and grow-
ing-finishing transgenic pigs. The amount of P ex-
creted in the urine was not determined in these stud-
ies, but more recent research on weanling, growing,
and finishing pigs has shown that they excrete slightly
more phosphorus in the urine than nontransgenic pigs
(A. Ayodele, unpublished data). It has been reported
that urinary P accounts for 6, 9, and 27% of P excreted
by weanling pigs, growing pigs, and sows, respectively
(Poulsen et al., 1999). The data clearly document the
innate capability of the phytase pigs to extensively
digest dietary phytate P.

Reduction of the Environmental Impact
of Pork Production

Although P is the third most expensive nutrient fed
to pigs, the cost of phosphate is not a major constraint,
and overfeeding of this compound has been a common
practice. In all jurisdictions, the land base for spread-
ing of manure is a serious limitation. To assess the
benefit of Enviropig genetics in terms of land area
for spreading manure, we have used the NMAN 2001
manure management computer simulation program
developed by the Ontario Ministry of Agriculture and
Food. The simulation was for a 350-sow, farrowing-
to-finishing pig operation with given defaults (Table
2). As shown in Table 3, the spreading of manure from
nontransgenic pigs on low erosion soil theoretically
requires 151 ha and this minimum area is necessary
to avoid application of excess P. If transgenic phytase
pigs were raised in place of conventional pigs, the land
area required for spreading could be reduced by 33%
before manure N would be applied in excess. It is gen-
erally recognized that for each 1% decrease in CP in
the diet, there is an 8 to 10% reduction in manure N
(Lenis and Jongbloed, 1999; Le Bellego et al., 2001).
Using the NMAN program to simulate the relation-
ship between decreasing manure N and the reduction
in land required to spread manure, it can be seen that
if the N content of the manure was reduced by up to
40%, the area of low erosion soil for spreading could
be reduced by 60% (i.e., to 100 ha) before P would be
applied in excess (Figure 2).

The benefit of competing technologies, in terms of
reduced land base for spreading of manure, is not as
great. For example, corn that contains 50 to 75% less
phytate than unmodified strains of corn fed to mono-
gastric food animals provide for fecal P reductions up
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Table 2. Parameters for the NMAN nutrient management program for assessing the effect of the phytase pig
characteristics on the land base required for the spreading of manure®

1. The simulation was for a 350-sow, farrowing-to-finishing farm producing 8,570,913 L of 4.2% DM manure/yr (MSTOR calculation).

2. Transgenic (Tg) phytase pigs produce manure with 60% less P. Program default values were used for the concentrations of N, P,
potassium, and ammonium N (NH4-N) in swine manure.

3. Continuous corn with an average yield of 8.13 metric tons per hectare and manure applied once a year in spring before seeding.

4. Liquid loading was not considered because it can be split into two or more applications.

5. Nitrogen from previous manure applications was taken into account. When lowering N both total N and NH4-N were lowered by

the same percentage.

ANMAN2001 (Feb 22, 2002 version) is a manure nutrient management computer simulation program developed by the Ontario Ministry
of Agriculture and Food http://www.omafra.gov.on.ca/scripts/english/engineering/nman/default.asp.

to 50%, depending on the diet formulation (Raboy et
al., 2001). Supplementation of low-phytate corn with
phytase enhances the digestibility further (Sands et
al., 2001). These data show that low-phytate cereals
have great potential. However, to achieve a reduction
in fecal P comparable to the phytase pigs, supplemen-
tal phytase is necessary. The current problems with
some low-phytate cereals, as exemplified by low-phy-
tate corn, are a lower germination rate (Lott et al.,
2000) and a 4 to 23% reduction in seed weight (Raboy
et al., 2000). A separate problem with low-phytate
cereals may be the added cost incurred in handling
them as separate commodities from conventional cere-
als. The reductions in fecal P as a result of feeding
supplemental phytase (see above) are usually no
greater than that observed for low-phytate barley.
These data demonstrate the superior performance of
Enviropig genetics, but this benefit is counterbalanced
by the substantial investment for introduction of the
new biotechnology.

Quite separate from short-term considerations, an
impending problem facing the industry is the dwin-
dling source of economically recoverable mineral P
that Smil (2000) predicted would last only 80 yr at
the current rate of extraction. A related problem with
lower quality mineral deposits is the increasing con-

tamination of the P by trace metals, particularly cad-
mium (Smil, 2000). More efficient recycling of P
through a combination of phosphorus technologies will
forestall this impending shortage and at the same time
reduce environmental eutrophication.

Enhancing the Metabolic Capability
of Food Animals

Recent advances have been made in the methodol-
ogy for the generation of transgenic food animals
(Wheeler and Walters, 2001; Houdebine, 2002), in-
cluding poultry (Harvey et al., 2002). Even the classi-
cal pronuclear microinjection may have been im-
proved, as was demonstrated by Chang et al. (2002).
They reported that spermatozoa incubated with mono-
clonal antibodies recognizing a specific surface antigen
will bind DNA. By surgical oviduct insemination of
gilts and by artificial insemination of chickens, the
gene of interest was efficiently transferred to oocytes.
In all cases, up to 25% of born animals or birds were
transgenic and expressed the transgene. Further-
more, problems including ectopic expression and si-
lencing of transgenes, which are often caused by posi-
tion effect (e.g., integration close to an endogenous
transcriptional control element), are being solved with

Table 3. Land base necessary for spreading of manure from transgenic (Tg) and non-Tg phytase pigs given the
same diet, except that supplemental phosphate was omitted from the diets of the phytase pigs

Starting Manure applied, Hectares for Reduction in land

Pigs soil test L/ha spreading manure for spreading, %
Low erosion potential soil

Non-Tg 101 ppm of P? 56,827.5" 150.8 —

Tg 101 ppm of P 85,240°¢ 100.4 33

Non-Tg 10 ppm of P No change® No change —

Tg 10 ppm of P No change No change 33
High erosion potential soil®

Non-Tg 101 ppm of P 25,003 343 —

Tg 101 ppm of P 65,918 130 62

Non-Tg 10 ppm of P 56,828 151 —

Tg 10 ppm of P 85,238 101 33

2This is regarded as an excessive level of P.
PApplication above this amount exceeds the P limit.
‘Application above this amount exceeds the N limit.
4This is a medium level of P.

°Same as above because 154 kg over crop removal is the limiting factor if the P limit is low.

fSoil erodes at the rate of 36 metric tons/ha annually.
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Figure 2. Effect of reducing the N in manure of
transgenic phytase pigs on the land area for spreading
manure. Assumes that phytase pigs excrete 60% less P
and spreading is on a low erosion soil.

insulator genes (Matske et al., 2000; Bell et al., 2001)
and artificial chromosomes (Huxley, 1997).

These methodologies, in addition to cloning tech-
niques, provide the opportunity to enhance the diges-
tive physiology, growth, fertility, and disease resis-
tance characteristics, and milk and meat composition
of domestic food animals (Wheeler and Walters, 2001;
Houdebine, 2002).

Hurdles from Concept to the Meat Counter

Genetically modified food animals are subject to ani-
mal health, environmental, and food safety legislation.
The criteria for a valuable transgenic food animal are
good health, disease resistance, reduced impact on the
environment, desired physiological characteristics,
and safe consumption.

Health of the transgenic food animal is central to
production because an unhealthy animal would usu-
ally be less productive. For example, transgenic pigs
harboring a transgene encoding bovine GH, although
exhibiting a 10 to 15% increase in daily weight gain
and a 16 to 18% increase in feed efficiency, suffered
serious physiological defects and were unsuitable for
commercial food production (Pursel et al., 1989; Pink-
ert et al., 1994). To circumvent this type of problem,
which in some cases may be due to recessive inser-
tional mutations, strategies of selecting, breeding, and
dissemination of transgenic livestock have been ex-
plored in detail (Van Reenen et al., 2002).

To meet environmental regulatory requirements,
transgenic animals must be documented as having
no deleterious effects on the environment and human
health, either directly or indirectly. In Canada, they
must satisfy the requirements of the Canadian Envi-
ronmental Protection Act (CEPA), which is the joint

responsibility of Environment Canada and Health
Canada (www.ec.gc.ca/substances/nsb/eng/reg_e.htm)
to determine that the animal is not a CEPA toxin
(CEPA 99, Section 64). In the United States, the FDA
administers similar requirements (www.fda.gov/cvm/
biotechnology/bio_drugs.html), the environmental re-
quirements being under 21 CFR, part 25 (www.
access.gpo.gov/nara/cfr/waisidx_01/21cfr25_01.
html). Transboundary movement of living genetically
modified (GM) animals, although presently adminis-
tered by individual countries, may in the future be
administered through the Cartegena Protocol on Bio-
safety to the Convention on Biodiversity, which is a
treaty under the United Nations Convention on Bio-
logical Diversity (www.biodiv.org/biosafety/
protocol.asp and www.biodiv.org/convention/articles.
asp), if the convention and protocol are ratified by
major trading countries. The convention and protocol
are, in part, designed to provide a framework within
which living modified organisms (LMO) can be traded
in a safe and responsible manner with due regard for
protection of environmental biodiversity.

Recently, the NAS (2002) reported on risk issues
surrounding transgenic and cloned animals and fish,
including food safety, environmental safety, and ani-
mal welfare. The major food safety issue noted was
the potential for allergenicity or hypersensitivity re-
sponses in some consumers. Products from somatic cell
cloned cattle were not considered to be a food safety
concern. Environmental concerns revolved around
fitness traits, such as increased growth rate, in highly
mobile species (i.e., fish carrying an up-regulated
growth hormone transgene). Lesser environmental
concern was expressed regarding fitness traits, such
as phytase expression in less mobile animals such as
the pig, although it was noted that feral pig popula-
tions do exist (Brisbin and Mayer, 2001) that in the
past have caused environmental damage. Animal wel-
fare issues were also discussed. An issue underlying
scientific considerations was the need for an ethical
framework since resolving and implementing science-
based decisions ultimately requires public in-
volvement.

The strategy for the safety assessment of foods de-
rived from GM plants is well established under the
Codex Alimentarius commission of the Food and Agri-
culture Organization (www.codexalimentarius.net/re-
ports.asp, document ALINORM 03/34). These guide-
lines are very similar to the legislated assessments
used in Canada (www.hc-sc.gc.ca/food-aliment/
mhdm/ofb-bba/nfi-ani/e_novel_foods_and_
ingredient.html) and in the United States (Chassy,
2002). Premarket food safety evaluations consider the
issues listed in Table 4. Extensive studies have now
been conducted to assess the safety of GM DNA for
human consumption and its persistence in the envi-
ronment. Studies with human volunteers show that
no GM DNA survived the passage through the entire
human digestive tract. Although some DNA survived
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Table 4. Characteristics considered in a premarket
safety assessment of a food derived from a
genetically modified organism

1. Safety of the source organism and gene(s)
(a) Safety of the inserted DNA
(b) Safety of DNA ingestion
(c) Safety of the antibiotic resistance marker (if used)
2. The food safety issues of the newly introduced product(s)
(a) Potential for toxicity (protein product)
(b) Potential for allergenicity (protein product)
(c) Safety of any unintended effects
3. Equivalence of composition
4. Retention of nutritional value
5. The human dietary exposure

in laboratory created environments that simulated hu-
man or animal gastrointestinal tracts, the research
concluded that the likelihood of functioning DNA be-
ing taken up by bacteria in the human or animal gut
is extremely low (Food Standards Agency, 2002). With
a reduced focus on the safety of DNA, the assessment
process probably will focus strongly on the protein(s)
expressed from the introduced novel genes. As GM
animals are relatively new compared to GM plants or
microorganisms, the various governmental agencies
are still in the process of setting policies and of draft-
ing guidance documents for the assessment of these
animals. In the interim, there have been assessments
on a case-by-case basis; for instance, the GM pig devel-
oped by Bresatec in Australia and the AquAdvantage
salmon developed by Aqua Bounty (www.aquabounty.
com/abbounty.htm) in the United States.

The GM pig developed by Bresatec (now BresaGen)
is transgenic for a GH that can be switched on by
addition of zinc to the diet, which allows for increased
production of meat and enhanced feed efficiency (Not-
tle et al., 1999). Bresatec provided data to the Austra-
lian authorities to document that the GM pork was
substantially equivalent to pork from nontransgenic
pigs, but the Australia and New Zealand Food Author-
ity (ANZFA) did not approve the Bresatec pork be-
cause approval was outside the Authority’s charter
(www.affa.gov.au/docs/operating_environment/
armcanz/gene/appendix2.html).

The AquAdvantage salmon is transgenic for a
salmon GH gene under control of a promoter from the
ocean pout’s antifreeze protein gene. The transgene
is expressed in the liver and provides for year-round
secretion of GH. The transgenic salmon grow at four
to six times the rate of nontransgenic salmon to reach
the same weight at maturity (Fletcher et al., 1999).
Aqua Bounty has submitted an application to the Cen-
ter for Veterinary Medicine of the FDA for the market
approval of the AquAdvantage salmon, where it is un-
der assessment as a “new animal drug” (Kleter and
Kuiper, 2002).

A recent interim report by Health Canada on the
preparation of guidelines for food safety assessment
of transgenic livestock and fish (Health Canada, 2001)

confirms the similarity of approaches for GM plants
and animals; however, there will be differences to ac-
count for the different physiological characteristics of
plants and animals. A key ingredient, particularly
with the consideration of pigs, is the similarity to hu-
mans in terms of their nutritional (Miller and Ullrey,
1987), physiological (Higgins and Cordell, 1995; Tum-
bleson, 1986), and immunological (Helm et al., 2002)
characteristics. Therefore, the well being of transgenic
pigs would seem to be a persuasive indicator of food
safety for many aspects, except perhaps for the toxic-
ity/allergenicity of the newly expressed protein.

Allergenicity

A novel protein, such as the E. coli phytase present
in the Enviropig, will be considered as self in the pig
(Goldsby et al., 2000) and will not present an allergenic
challenge to the pig. However, the phytase expressed
in the pig may act as an allergen when humans con-
sume the pork, since it has not previously been con-
sumed as a food constituent, except through the acci-
dental presence of E. coli in food consumed or because
of its presence as part of the normal flora in the lower
gastrointestinal tract (Tannock, 2001). A weight of
evidence approach is taken to assess allergenicity of
a protein, which focuses on the source of the gene,
sequence homology with known allergens, physico-
chemical properties of the protein (such as heat stabil-
ity), and digestive stability. Additional criteria include
immunoreactivity of the novel protein with serum IgE
from individuals with known allergies to species that
are broadly related to the source of the transferred
DNA and the immunogenicity of the novel protein in
appropriate animal models (Taylor, 2002; www.fao.o
rg/es/ESN/food/risk_biotech_papers_en.stm). This
decision process, although well established, is likely
to change as new information appears, such as the
recent finding of the lack of a stringent relationship
between the stability of proteins in simulated gastric
fluid and allergenic potential (Dearman et al., 2002).

Salivary phytase presents an interesting case for
allergenicity testing because in its native state, it is
highly resistant to stomach proteases, retaining
greater than 90% of its activity after exposure to a
1,000-fold excess of pepsin at pH 2.5 (Golovan et al.,
2001b). However, salivary phytase is denatured by
heating to 100°C, and after this treatment, is sensitive
to proteases (J. P. Phillips, R. G. Meidinger, and C.
W. Forsberg, unpublished data), a characteristic
shared by native nonallergenic proteins (Astwood et
al., 1996). It is probable that a native intact protein
will have more allergenic potential than a denatured
protein after digestion by pepsin. However, pork is
always cooked prior to consumption because of a range
of infectious microorganisms potentially present, in-
cluding viruses, bacteria, fungi, and parasites (Kumar
et al., 2002). Thus, rather than assessing the allergen-
icity of novel proteins in uncooked pork, as is done
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with transgenic plant products, the cooked pork may
be a more realistic product for testing.

Consumer Acceptance of
Genetically Modified Foods

The ongoing debate over the human and environ-
mental safety of GM foods is complex and multifac-
eted, but several recent reports show a positive view.
Santerre and Machtmes (2002) surveyed 576 people,
including members of community organizations, un-
dergraduate students, graduate students, and exten-
sion educators, to see how their knowledge and atti-
tudes toward genetically enhanced foods changed
after receiving an hour of scientific instruction on food
biotechnology. After this introduction, respondents
were more accepting of the regulatory process; further-
more, 90% stated they would eat and serve GM foods
to their families and 90% believed that their families
would benefit from GM foods within the next 5 yr.
The importance of providing consumers with scientific
information on GM foods is borne out by a recent Ipsos-
Reid study on Canadian public attitudes toward pork
production. Respondents were more receptive to the
future consumption of GM pork once they were aware
that it would come from pigs that produced less pollut-
ing manure. Environmentally friendly applications of
biotechnology were also viewed positively by U.S. con-
sumers (Bruhn, 2002).

Implications

Transgenic technology has the potential to enhance
the role that the animal industries have in world food
production system. This paper describes the science,
thought process, reasoning, and outcomes that evolved
during the development of the Enviropig. The impor-
tance society places on solving the environmental, food
safety, and food quality challenges supports the con-
tention that this particular transgenic technology
should be directed first and foremost to these issues
rather than the customary economically based produc-
tion area. This paper emphasizes the general under-
standing and value of transgenic animal technology
in helping to ameliorate the environmental impact of
animal production.
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Nutritional- and suckling-mediated anovulation in beef cows'
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ABSTRACT: Nutrient intake, body energy reserves,
and suckling are major regulators of reproductive per-
formance of beef cows. Inadequate body energy reserves
at parturition increase the interval to first estrus and
ovulation, and postpartum nutrient intake can influ-
ence the duration of the interval in cows with thin to
moderate body condition score. Suckling can increase
the postpartum anestrous interval in thin cows, but
has little effect on mature cows with adequate body
energy reserves. The purpose of this review is to evalu-
ate signals by which nutrient intake and body energy
reserves may regulate ovarian function in postpartum
beef cows. Nutritional restriction causes decreased se-
cretion of GnRH and LH, reduces follicular growth,
and decreases concentrations of estradiol in plasma.

In addition to direct and indirect effects of decreased
energy intake on the hypothalamus and pituitary, nu-
trition may influence ovarian function. Metabolic sig-
nals that communicate the adequacy of body energy
reserves and nutrient intake may stimulate changes
several weeks before ovulation occurs, have a permis-
sive role, be regulated by binding proteins or receptors,
or interact with stimulatory or inhibitory factors pro-
duced by adipose tissue. Metabolic signals may also
have autocrine and/or paracrine effects. Adequate body
energy stores and sufficient plasma concentrations of
metabolic signals are prerequisites for ovulation in
postpartum cows. Complex interactions between hor-
mones, metabolic compounds, and other factors control
follicular maturation, estrus, and ovulation in postpar-
tum beef cows.
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Introduction

Profitability of beef production is greatly influenced
by reproductive efficiency. Beef cattle are frequently
not pregnant at the end of the breeding season because
of the absence of normal estrous cycles. The anestrous
condition in heifers and postpartum cows is caused by
reduced ovarian follicular growth and the absence of
luteal activity (Wettemann, 1980). Two major factors
that regulate duration of the postpartum anestrous pe-
riod are suckling and nutrient intake before and after
calving. If nutrient intake is inadequate and body en-
ergy reserves are depleted, the interval from calving to
the first estrus is extended (Wiltbank et al., 1962; Dunn
and Kaltenbach, 1980; Short et al., 1990). Suckling also
inhibits the resumption of normal estrous cycles after
parturition (Short et al., 1972; Edgerton, 1980; Wil-
liams, 1990).

Relationships between body energy reserves and
weight loss (before and after parturition) with the dura-
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tion of the postpartum anestrous period have been es-
tablished (Dunn and Kaltenbach, 1980; Selk et al.,
1988). The most important factor that influences preg-
nancy rate is body energy reserves at calving. When
beef cows had a BCS (1 = emaciated, 9 = obese; Wagner
et al., 1988) of five or greater at calving, the number of
days from calving to first estrus and ovulation was 15
to 35% fewer than if cows calved with a BCS of less
than 5 (Richards et al., 1986; Looper et al., 1997; Lents
et al., 2000).

Body condition score of primiparous cows at calving
influences the response to postpartum nutrient intake
(Spitzer et al., 1995). When cows with a BCS of 6 were
fed to gain 0.85 vs. 0.44 kg/d after calving, the percent-
age of cows in estrus during the first 20 d of the breeding
season increased from 40 to 85%. However, when cows
had a BCS of 4, the greater daily gain only increased
the percentage of cows in estrus from 33 to 50%.

Energy intake and body energy stores influence con-
centrations of energy substrates and metabolic hor-
mones in the blood of cattle. Chronic and acute alter-
ations in substrates and metabolic hormones may sig-
nal the hypothalamic-pituitary-ovarian axis as to the
metabolic status of the animal. However, the metabolic
signals between body energy reserves and follicular
maturation and ovulation have not been determined.
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The purpose of this review is to evaluate signals by
which nutrient intake and body energy reserves may
regulate ovarian function in postpartum beef cows.

Discussion

Postpartum Follicular Development

Although follicular waves are recurrent during early
and mid-pregnancy (Ginther et al., 1989), they are not
detectable during the last weeks of pregnancy (Ginther
et al., 1996). The first dominant follicle (IDF) occurs
within 10 to 12 d after parturition in beef and dairy
cows (Murphy et al., 1990; Savio et al., 1990; Stagg et
al., 1995). Thus, a lack of follicular waves after parturi-
tion is not the limiting factor for the onset of estrus
and ovulation.

The first postpartum DF ovulated in few (11%) beef
cows (Murphy et al., 1990), whereas the first DF ovu-
lated in most (74%) dairy cows (Savio et al., 1990).
Beef cows with inadequate body energy reserves and/
or suckling calves had several follicular waves before
the first ovulation (Murphy et al., 1990; Stagg et al.,
1995) and the number of DF before ovulation was
greater with reduced postpartum nutrient intake.

Frequent pulses of LH are needed for maturation of
preovulatory follicles (Roberson et al., 1989; Savio et al.,
1993; Stock and Fortune, 1993). Mean concentrations of
LH and frequency of pulses increase with time before
the first postpartum ovulation (Stagg et al., 1998). Inad-
equate pulses of LH may cause recurring follicular
waves and atresia of the DF. Nutritionally induced an-
ovulation is associated with decreased secretion of LH
(Wettemann and Bossis, 2000). The first DF after partu-
rition was prolonged or ovulated when beef cows were
given hourly pulses of LH (Duffy et al., 2000). Treat-
ment of nutritionally induced anovulatory cows with
one pulse of GnRH each hour will initiate ovarian luteal
activity (Bishop and Wettemann, 1993; Vizcarra et
al., 1997).

The ability of DF to produce estradiol is limited dur-
ing the postpartum anovulatory period and increases
with time after parturition (Spicer et al., 1986). Post-
partum anovulatory follicles produced less estradiol
than preovulatory follicles (Braden et al., 1986). Al-
though the amount of IGF-I in follicular fluid was not
influenced by time postpartum or whether a follicle was
estrogen-active (Spicer et al., 1988; Rutter and Manns,
1991), amounts of IGF binding proteins in follicles could
regulate the availability of IGF-I to follicular cells. Fac-
tors that increase the postpartum interval to first ovula-
tion probably decrease steroidogenesis in follicles.

Abnormal luteal function after the first ovulation oc-
curs frequently in beef cows. The luteal phase after the
spontaneous first postpartum ovulation is usually less
than 10 d (Corah et al., 1974; Werth et al., 1996; Looper
et al., 1997). Similarly, a short luteal phase also occurs
after early weaning (Odde et al., 1980; Copelin et al.,
1987; Breuel et al., 1993) or treatment with GnRH

Table 1. Concentrations of LH in the serum of
nutrient-restricted and control steers before
(d 0) and during (d 3) restriction®

Treatment
Control Restricted
Item do d3 do d3 SE
Concentration, ng/mL 3.9 4.2 4.4 4.7 0.1
Pulse frequency, 8 h 6.3 6.8 6.0 5.8 0.8
Pulse amplitude, ng/mL 3.3 2.8 3.3 3.1 0.3

20jeda et al., 1996.

(Kesler et al., 1980; Wettemann et al., 1982). Short-
lived corpora lutea (CL) cannot maintain pregnancy
since they regress before d 15 when maternal recogni-
tion of pregnancy occurs (Northey and French, 1980).
A premature luteolytic signal causes short-lived CL
(Garverick et al., 1992).

Estrous behavior usually does not occur before the
first postpartum ovulation in beef (Murphy et al., 1990;
Perry et al., 1991; Looper et al., 1997) and dairy cows
(Graves et al., 1968; Savio et al., 1990). The duration
of the luteal phase after the first estrus in beef cows is
usually normal (Corah et al., 1974; Odde et al., 1980;
Looper et al., 1997).

Secretion of Gonadotropin

Secretion of LH is a rate-limiting step for the initia-
tion of follicular growth and estrus after calving. Pulsa-
tile secretion of LH is associated with secretion of GnRH
in cows (Gazal et al., 1998; Yoshioka et al., 2001) and
increased frequency of exogenous GnRH pulses in-
creased pulse frequency and mean concentrations of
LH in anovulatory cows (Bishop and Wettemann, 1993;
Vizcarra et al., 1997).

Nutritional effects on LH secretion in ruminants are
dissimilar to monogastric animals. Short-term nutri-
tional restriction or fasting reduces LH secretion in rats
(Campbell et al., 1977) and primates (Cameron and
Nosbisch, 1991), but not in cattle (Khireddine et al.,
1998; Mackey et al., 2000; Amstalden et al., 2002a).
To determine if products of rumen fermentation are
involved in control of LH secretion, total rumen con-
tents of fistulated steers (440 kg) were removed and
either all the fluid and particulate material were re-
placed (control) or only 15% of the rumen contents were
replaced (restricted; Ojeda et al., 1996). Restricted
steers were fed 2 kg of low-quality hay each day and
control steers were fed a diet of hay and soybean meal to
maintain weight. Mean concentration of LH and pulse
frequency and amplitude were similar in control and
restricted steers before and after 3 d of feed restriction
(Table 1). Although the nutritional restriction resulted
in a decrease in substrate and microbes for rumen fer-
mentation, mobilization of body fat, and a twofold in-
crease in plasma concentration of NEFA, LH secretion
was unaltered.
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Secretion of estrogens and progesterone during preg-
nancy reduces concentrations of LH in the pituitary at
parturition (Nett et al., 1987) and the concentration of
LH increases in serum within a week after calving (Erb
et al., 1971; Ingalls et al., 1973). The interval from
calving until pulsatile secretion of LH is sufficient for
maturation of the ovulatory follicle is influenced by fac-
tors such as body energy reserve, nutrient intake, and
suckling. During the early postpartum period, a pulse
of LH is secreted every 3 to 6 h (Walters et al., 1982;
Humphrey et al., 1983; Nett et al., 1988), and the fre-
quency increases to 1 to 2 pulses/h before the first ovula-
tion (Peters et al., 1981; Terqui et al., 1982). Reduced
pulsatile secretion of LH during the early postpartum
period is probably associated with decreased GnRH se-
cretion because the number and affinity of GnRH bind-
ing sites on the pituitary do not change during the
postpartum period (Moss et al., 1985) and pulsatile
treatment with GnRH causes pulsatile secretion of LH.

Concentrations of FSH increase within a week after
parturition (Schallenberger et al., 1982; Peters and
Lamming, 1984) and are constant until ovulation (Con-
vey et al., 1983; Nett et al., 1988). Postpartum anestrous
beef cows have adequate FSH for development of DF
(Stagg et al., 1998). Similar secretion of FSH in re-
stricted and maintenance diet heifers before the onset
of nutritionally induced anovulation, and increased con-
centrations of FSH in serum after the onset of anovula-
tion (Bossis et al., 1999), indicate that secretion of FSH
is not limiting for follicular growth in energy-re-
stricted cattle.

The effect of inadequate nutrition and/or minimal
body fat reserves on the sensitivity of the hypothalamus
to the negative feedback of estradiol has not been estab-
lished. During 93 d of nutritional restriction and weight
loss, heifers treated continuously with estradiol were
more sensitive to the negative effects of estradiol on
the number of pulses of LH and mean concentrations
of LH (Imakawa et al., 1987) compared with heifers
that gained body weight.

When diets of cows were restricted and they lost 1% of
their body weight per week for 26 wk, ovulation ceased.
Mean concentrations of LH and the number of pulses
of LH were not different for intact and ovariectomized
nutritionally induced anovulatory cows during the first
10 d after ovariectomy; however, amplitude of LH
pulses was greater in ovariectomized than intact cows
(Richards et al., 1991). Garcia-Winder et al. (1984) sug-
gested that ovarian factors might interact with suckling
intensity to inhibit secretion of GnRH from the hypo-
thalamus of postpartum cows. Further evaluation of
the role of estradiol in the regulation of hypothalamic
function in postpartum anovulation is needed.

Secretion of Progesterone and Estradiol

Plasma concentrations of progesterone are minimal
at parturition (Henricks et al., 1972; Smith et al., 1973)
and increase after the first ovulation (Lauderdale, 1986;

Perry et al., 1991; Werth et al., 1996) or luteinization
(Donaldson et al., 1970; Corah et al., 1974) of a follicle.
The first increase in plasma concentrations of proges-
terone in beef cows after calving usually persist for 3
to 9 d (Perry et al., 1991; Werth et al., 1996; Looper,
1999). This transient increase in progesterone is usu-
ally not preceded by estrus.

Plasma concentrations of estrogens decrease rapidly
after parturition (see review, Wettemann, 1980). Dur-
ing the postpartum anovulatory period, concentrations
of estradiol may increase in plasma for a short duration,
but these increases may not be associated with growth
and maturation of follicles (Murphy et al., 1990; Stagg
et al., 1995). Concentrations of estradiol in plasma in-
crease before the first postpartum ovulation (Echtern-
kamp and Hansel, 1973; Perry et al., 1991; Stagg et
al., 1995).

Suckling and Anovulation

Suckling prolongs postpartum anovulation, and the
effect is of greatest magnitude in primiparous and thin
cows (Short et al., 1990). (See Williams [1990] for a
detailed review of the effect of suckling on neuroendo-
crine control of postpartum ovarian function.) Cows de-
velop a bond with their calf (Silveira et al., 1993; Steven-
son et al., 1997), and the effect of suckling by a cow’s
calf is greater than suckling by a foster calf. Although
twice-daily suckling is adequate to increase the dura-
tion of the postpartum anestrous interval, twice-daily
milking does not prolong anovulation (Lamb et al.,
1999). Fewer cows with ad libitum suckling had ovu-
lated by 80 d postpartum (43%) compared with cows
that had calves isolated and only allowed to suckle once
per day (90%; Stagg et al., 1998). However, if calves
were allowed to suckle once per day and calves were
adjacent to cows continuously, only 65% of the cows
had ovulated by 80 d postpartum. Thus, development of
the cow-calf bond prolongs the postpartum anovulatory
interval even with a reduced suckling stimulus.

Body energy reserves at calving influence the effect
of suckling on ovarian function. If cows had a BCS
greater than or equal to 5 at calving, and calves were
weaned at 35 d postpartum, all cows ovulated by 25 d
after weaning (Bishop et al., 1994). In contrast, only
40% of cows with a BCS less than 5 had ovulated by
25 d after weaning. Although the interval from weaning
to ovulation is greater in thin cows than in cows with
greater BCS, weaning is a useful management option
to increase pregnancy rates in thin cows.

Potential Metabolic Signals

Macronutrients or their metabolites can regulate
gene expression and influence growth and body func-
tions in addition to their roles as sources of energy.
Glucose can influence expression of genes in cells inde-
pendent of insulin (Jump, 2001), and low concentra-
tions of cholesterol in cells increase the amount of low-
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density lipoprotein receptor and synthesis of cholesterol
(Brown and Goldstein, 1997). Fatty acids are also regu-
lators of gene expression in cells, and type of fat in the
diet, amount consumed, and duration of consumption
can influence responses in cells by alteration of tran-
scription factors (Jump and Clarke, 1999).

Insulin. Consumption of a meal and long-term dietary
treatments have minimal effects on plasma glucose in
cattle (Yelich et al., 1996; Vizcarra et al., 1998). Al-
though plasma concentrations of glucose in cattle are
extremely constant compared with monogastric ani-
mals, insulin regulates utilization of glucose by bo-
vine cells.

There are receptors for insulin in the brain, pituitary
gland (Lesniak et al., 1988), and ovarian tissue (Poret-
sky and Kalin, 1987). Insulin stimulates release of
GnRH from hypothalamic fragments in vitro when glu-
cose is available (Arias et al., 1992) and infusion of
insulin into the cerebroventricles of nutritionally re-
stricted ewes increased LH secretion (Daniel et al.,
2000). Insulin also stimulates steroid production by bo-
vine ovarian cells (Spicer and Echternkamp, 1995). Sys-
temic treatment of cows with insulin may increase fol-
licular development (Harrison and Randel, 1986) and
estradiol production by large follicles (Simpson et al.,
1994).

The hypothalamus, unlike other areas in the central
nervous system, expresses an insulin-dependent glu-
cose transporter (Livingstone et al., 1995). This may
allow the hypothalamus to respond to increased concen-
trations of glucose in blood. During nutritionally in-
duced anestrus, cows become resistant to insulin (Rich-
ards et al., 1989) and entry of glucose into hypothalamic
cells may be reduced.

Early studies demonstrated that 2-deoxy-p-glucose,
a glucose antagonist, induced anestrus and anovulation
in cows (McClure et al., 1978), and secretion of LH was
reduced by treatment of ewes (Funston et al., 1995b)
and ram lambs (Bucholtz et al., 1996) with 2-deoxy-D-
glucose. Phlorizin-induced hypoglycemia prevented LH
and insulin secretion after early weaning of beef cows
(Rutter and Manns, 1987).

Insulin-Like Growth Factor-I. Insulin-like growth fac-
tor-I is produced by the liver and has effects on many
cell types to regulate carbohydrate, fat, and protein
metabolism. It is also produced by other tissues and can
have autocrine and paracrine effects. Concentrations
of IGF-I in blood of cattle are decreased during feed
restriction (Richards et al., 1991, 1995; Armstrong et
al., 1993) and concentrations of GH are increased
(Bossis et al., 1999). Restriction of protein and/or energy
intake reduces the increase in blood IGF-I that usually
occurs in response to treatment with GH (Brier et al.,
1988; Ronge and Blum, 1989; Armstrong et al., 1993).
The reduction in IGF-Iin serum during nutrient restric-
tion is associated with reduced binding of GH to hepatic
membranes in restricted steers (Brier et al., 1988). At
least six high-affinity IGFBP in biological fluids can
influence the functions of IGF-I (Jones and Clemmons,

1995). Degradation of IGFBP by proteases also influ-
ences the biological activity of IGF-I (Maile and
Holly, 1999).

Hypothalamic and other neural cells in rats have
IGF type-I receptors (Lesniak et al., 1988; Hiney et al.,
1996), and IGF-I stimulated expression of the GnRH
gene in neural cells (Longo et al.,, 1998) and GnRH
secretion (Anderson et al., 1999). Body energy reserves
are related to amounts of IGFBP in hypothalami of
ewes (Snyder et al., 1999).

Gene expression for type-I IGF receptors and IGFBP-
5 occur in the pars tuberalis and pars distalis of the
ovine pituitary and are greater than expression for IGF-
II, type-2 receptor, and IGFBP-3 (Adam et al., 2000).
Treatment of ovine pituitary cells with IGF-I increases
LH release (Adam et al., 2000). Insulin-like growth
factor-binding protein-2, -3, and -5 are present in bovine
pituitary glands (Funston et al., 1995), and their activ-
ity is associated with the stage of the estrous cycle
(Roberts et al., 2001).

Antral follicle development in mice requires IGF-I
(Zhou et al., 1997). Follicles synthesize IGF-I, and sys-
temic IGF-I could also influence ovarian function
(Spicer and Echternkamp, 1995). Specifically, ovarian
cell proliferation and steroidogenesis are stimulated by
IGF-I (Spicer et al., 1993; Spicer and Chamberlain,
1998). Steroidogenesis is stimulated by IGF-I binding
to type-I receptors on cells, and IGF-I is also bound to
high-affinity binding proteins in extracellular fluids.
Concentrations of IGF-I in follicular fluid and its recep-
tor in granulosa cells of dominant and subordinate folli-
cles are similar; however, dominant follicles have less
IGFBP activity than subordinate follicles (Stewart et
al., 1996; Yuan et al., 1998). The decrease in intrafolli-
cular concentrations of IGFBP during terminal develop-
ment of follicles (de la Sota et al., 1996; Funston et al.,
1996; Stewart et al., 1996) may increase availability of
IGF-Itofollicular cells. Concentrations of IGFBP-4 may
determine which follicle becomes dominant during se-
lection in cattle (Mihm et al., 2000). Increased energy
intake resulted in reduced concentrations of mRNA for
IGFBP-2 and -4 in small follicles of heifers (Armstrong
et al., 2001).

Nonesterified Fatty Acids. Adipose tissue of rumi-
nants is metabolized and NEFA and glycerol are re-
leased and can be used as sources of energy during
negative energy balance. Concentrations of NEFA in
nutritionally induced anovulation of heifers are maxi-
mal during anestrus, decrease dramatically during re-
alimentation, and then gradually increase before re-
sumption of ovulation (Bossis et al., 1999, 2000).
Plasma concentrations of NEFA do not appear to be
directly involved in nutritional regulation of ovarian
function in heifers. A direct effect of NEFA on the hypo-
thalamus and/or pituitary gland has not been estab-
lished in cattle and infusion of FFA did not alter LH
secretion in lambs (Estienne et al., 1990).

Leptin. Concentrations of leptin in plasma are related
to amounts of body fat in humans (Considine et al.,
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1996; Ostlund et al., 1996) and rodents (Maffei et al.,
1995; Schneider et al., 2000), but the relationship be-
tween plasma concentrations of leptin and body fat or
BCS is not well established in ruminants. Nutrient in-
take influences amounts of messenger RNA (mRNA)
for leptin in fat of cattle (Tsuchiya et al., 1998; Amstal-
den et al., 2000) and concentrations of leptin in plasma
(Ehrhardt et al., 2000). Concentrations of leptin in the
plasma of dairy cows are decreased by a negative energy
balance (Block et al., 2001). These effects of nutrition
on plasma leptin increase the difficulty of determining
the effect of body fat reserves on plasma leptin. Concen-
trations of leptin in plasma respond in 2 d to fasting
(Amstalden et al., 2000) or in 4 d to reduced nutrient
intake (Ciccioli et al., 2001b). Studies have determined
positive correlations between body fat and plasma lep-
tin in calves and dairy cows (Ehrhardt et al., 2000) and
ewes (Delavaud et al., 2000; Thomas et al., 2001), but
minimal numbers of animals were sampled and in the
studies with calves and ewes amount of body fat was
confounded with dietary intake.

Since the discovery of leptin, there has been much
interest as to its potential function as a signal to inform
brain targets about body energy stores (Spicer, 2001;
Smith et al., 2002). Receptors for leptin have been iden-
tified in the brain (Dyer et al., 1997) and pituitary (Igbal
et al., 2000) of sheep, and feed restriction increases
expression of leptin receptor in hypothalamic nuclei of
ewes (Dyer et al., 1997). Administration of leptin into
the brain of sheep reduces feed intake and suppresses
LH pulse frequency (Blache et al., 2000; Morrison et
al., 2001). However, the effect of leptin on LH secretion
cannot be separated from the effect of leptin on feed
intake. Treatment of nonruminants with leptin in-
creases secretion of gonadotropins (Barash et al., 1996).
Fasting of cows (Tsuchiya et al., 1998) or heifers (Am-
stalden et al., 2000) for 48 h decreased leptin mRNA
in adipose tissue and concentrations of leptin in plasma
(Amstalden et al., 2000) without altering concentration
or amplitude of LH pulses. Central infusion of leptin
did not influence pulsatile secretion of LH in well-fed
ewes (Henry et al., 1999), but did prevent the fasting-
induced decrease in LH pulse frequency in wethers.
Exogenous leptin prevented the fasting-induced sup-
pression of plasma concentrations of LH in castrated
rams treated with estradiol (Nagatani et al., 2000), and
LH secretion in fasted ovariectomized estradiol treated
cows was increased by leptin treatment (Zieba et al.,
2002). Leptin has a direct inhibitory effect on the bovine
ovary (Spicer and Francisco, 1997). Greater than ade-
quate nutritional intake could result in abundant con-
centrations of leptin in plasma that could prevent the
production of excessive amounts of estradiol by follicles
(Spicer, 2001).

Nutrition and Postpartum Endocrine Function

The influence of BCS at calving and postpartum nu-
trient intake on endocrine and ovarian functions was

07 ..

35
30 .
25 1
=H
20 1 am
15

IGF-I (ng/mL)

10 1
5

0 -
-3 2 1 + 2 13

Weeks before (-) or after (4) treatment

Figure 1. Concentrations of IGF-I in plasma of postpar-
tum primiparous cows during the last 3 wk of nutritional
treatment and 3 wk after treatment (adapted from Ciccioli
et al., 2001b). *P < 0.05, **P < 0.01.

evaluated in Angus X Hereford primiparous cows (Cicci-
oli et al., 2001a,b). During the last third of gestation,
cows were fed different amounts of protein supplement
to produce cows with BCS of 4 or 5 at calving. At parturi-
tion, thin (BCS = 4.4 + 0.1) and moderate (BCS 5.5 +
0.1) cows were allotted to diets for gains of 0.45 kg/d
(M; n = 17) or 0.90 kg/d (H; n = 17) for the first 70 d
after calving. Cows on the H diet weighed about 45 kg
more and had greater BCS than M cows after 63 d of
treatment. Ovarian and reproductive functions were
not influenced by BCS at calving. Duration of ovarian
cycles before and after the first postpartum estrus was
not influenced by BCS at calving or postpartum nutri-
ent intake. Eighty-eight percent of cows had short luteal
phases before the first estrus and all cows had a normal
luteal phase after the first estrus. The interval to first
estrus and ovulation was shorter (P < 0.01; 100 £ 8 d)
for H than M cows (120 + 8 d). The size of the DF,
determined by ultrasonography at 4 to 16 h after the
onset of estrus (determined by HeatWatch), was larger
(P <0.01) for H (14.8 £ 0.3) than M cows (13.5 = 0.3).
Pregnancy rate from artificial insemination at 14 to 20
h after onset of first postpartum estrus was also greater
(P <0.03) for H (76%) than for M cows (58%).
Concentrations of glucose and insulin in plasma dur-
ing the last 3 wk of nutritional treatment (wk 8 to 10
postpartum) and the 3 wk after treatment, when all
cows received the same diet, were influenced by treat-
ment x week (P < 0.01). During treatment, concentra-
tions of glucose were 5 to 10 mg/dL greater in H than
M cows. However by 2 wk after treatment, concentra-
tions of glucose in plasma of H and M cows were not
significantly different. Similarly, concentrations of in-
sulin in plasma during treatment were 40 to 50%
greater in H than M cows, but were not different 1 wk
after cessation of the nutritional treatment.
Concentrations of IGF-I in plasma during the last 3
wk of treatment and the first 3 wk after treatment were
influenced by treatment (P < 0.01; Figure 1). Cows on
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Table 2. Changes in hormones and metabolites in
plasma of beef cattle preceding the first ovulation
in postpartum cows and nutritionally induced
anovulatory heifers that were realimented

Weeks change occurred before ovulation

Constituent Postpartum anestrus Nutritional anestrus®
Glucose >7 >3
Insulin >7 >3
IGF-I >7 >3
NEFA >7 >3
Leptin >7 >3

2Bossis et al. (2000).

H treatment had greater plasma concentrations of IGF-
I on wk 2 and 3 before the end of treatment and on the
first week after treatment. Effect of greater nutrient
intake on IGF-I in plasma decreased with time after
treatment.

Leptin concentrations in plasma were 2.6-fold greater
(P <0.01) in H than M cows during the last 3 wk of
nutritional treatment. However, within 4 d after the
end of nutritional treatment, concentrations of leptin
in plasma were similar for M and H cows. At the end
of treatment, H cows had about a 0.75 greater BCS
than M cows. This indicates that leptin is associated
with feed intake and not amount of body fat.

Concentrations of insulin, IGF-I, and leptin were
greater in H than M cows during nutritional treatment,
but were not significantly different by 1 or 2 wk (approx-
imately 90 d postpartum) after the end of treatment.
Ovulation and estrus occurred in most cows after the
end of treatment; only 32% of H cows were in estrus
by 80 d postpartum. Concentrations of insulin, IGF-I
and leptin during 7 wk before the first postpartum es-
trus were not influenced by time. Changes in concentra-
tions of these hormones and glucose and NEFA occurred
more than 7 wk before ovulation (Table 2). Similarly,
when nutritionally induced anovulatory heifers were
realimenated, concentrations of glucose and insulin
were similar in control ovulatory and realimenated an-
ovulatory heifers during at least 3 wk before ovulation
of realimenated heifers (Bossis et al., 2000). In reali-
menated heifers, concentrations of IGF-I and NEFA in
plasma were greater at 3 wk before ovulation than dur-
ing the consumption of the restricted diet, and concen-
trations continued to increase until ovulation.

The stable concentrations of insulin, IGF-I, and leptin
in plasma of primiparous cows during the 7 wk before
the first postpartum estrus indicate that immediate
changes in these constituents may not stimulate the
first postpartum ovulation. These hormones could be
metabolic signals by which nutrient intake and body
fat stores regulate ovulation, but have a delayed effect,
a permissive role, and/or the effect could be mediated
by alterations in binding proteins or specific receptors,
so that absolute changes in concentrations of hormones
may not be necessary for the response to occur.

Nutrient Intake, Body Condition Score, and
Plasma Insulin and Insulin-Like Growth Factor-I

Recently, we evaluated the roles of nutrient intake
and BCS on concentrations of insulin and IGF-I in
plasma of gestating cows (Lents et al., 2002). Commenc-
ing at 2 to 4 mo of gestation, cows (n = 73) were fed one
of four diets for 109 d. High (H) cows received a 50%
concentrate diet in a drylot, and moderate (M), low (L),
and very low (VL) cows grazed native range pasture
and received 2.5, 1.5 or 0.5 kg of a 42% CP supplement
each day. After 109 d of treatment, all cows grazed
a common pasture and received 1.5 kg of a 42% CP
supplement daily. By 109 d of treatment, BCS were
6.7%, 4.8, 5.0° and 4.7° (means without a common su-
perscript differ; P < 0.05) for H, M, L, and VL cows,
respectively. On d 123, after cows were on the same
diets for 14 d, BCS were 6.4%, 4.8, 4.8" and 4.5 (means
without a common superscript differ; P < 0.05) for H,
M, L, and VL cows, respectively. Body condition scores
of cows ranged from 4 to 7.5 on d 109 and 3.5 to 7.5 on
d 123. The relationship between BCS and concentration
of insulin in plasma on d 109, after cows had access to
feed, was best fit by linear regression with R? = 0.34 (P
< 0.05). However, concentrations of insulin in plasma
after cows were fasted (no water and feed for 18 h)
were not related to BCS (R% = 0.01). On day 123 of the
experiment, after cows were on the same diets for 14
d, concentration of insulin in plasma was not influenced
by BCS after either feeding or fasting. These results
indicate that concentrations of insulin in plasma of ges-
tating cows are influenced by nutrient intake more than
by BCS.

On day 109 of gestation, the relationship between
BCS and plasma concentrations of IGF-I was best fit
by a quadratic equation (P < 0.05) with R? = 0.36 for
samples collected after cows had access to feed and R?
=0.27 (P < 0.05) after an 18-h fast (Figure 2). After all
cows were on the same diet for 14 d (d 123), BCS did
not influence concentration of IGF-I in plasma samples
after feeding (R% = 0.01) or after an 18-h fast (R>=10.01)
(Figure 2). Similar to the relationship between BCS
and concentrations of insulin in plasma, concentrations
of IGF-I in plasma of gestating cows are influenced by
nutrient intake more than by BCS.

Nutritional Effect on Postpartum Follicular Growth

Mature Angus x Hereford cows were fed amounts of
supplemental protein during the last 4 mo of pregnancy
so they would have a BCS of 4 or 5 at calving. Follicular
growth was monitored by ultrasonography to measure
growth of the DF between d 27 and 33 or d 47 to 53
postpartum. When the diameter of the DF increased
less than 0.75 mm in 24 h, it was aspirated using a
transvaginal, ultrasound-guided needle. Concentra-
tions of IGF-I, estradiol, and IGFBP were quantified
in follicular fluid. Proestrus DF were aspirated from
postpartum cows with normal estrous cycles at 48 h
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Figure 2. Relationships between BCS and concentra-
tions of IGF-I in plasma of fed and fasted (18 h) beef
cows, when cows received different diets (d 109) and after
all cows received the same diet for 14 d (adapted from
Lents et al., 2002).

after treatment with prostaglandin Fs,. BCS at calving
did not influence any of the postpartum follicular char-
acteristics. Time of aspiration of DF was classified as
either less than (short) or greater than 35 d (long) before
the first estrus and ovulation. Follicles from short cows
were aspirated an average of 42 d postpartum and es-
trus and ovulation occurred about 55 d postpartum.
Follicles from long cows were aspirated about 39 d post-
partum, and estrus and ovulation occurred about 85 d
postpartum (Table 3). Diameters of the aspirated DF
were similar (12.8 + 0.6 mm) for short, long, and proes-
trus cows. Concentrations of IGF-I in follicular fluid
were not influenced by estrus/ovulation classification
and averaged 25.4 + 3.6 ng/mL. Concentration of estra-
diol in the fluid from proestrus follicles was greater
(435 + 79 ng/mL) than the concentration in short (95 £
56 ng/mL) or long cows (72 = 59 ng/mL). Amounts of
IGFBP-3 and -4b were greater in the DF of short than
long cows. In addition, the amount of IGFBP-3 and -
4b in short cows was similar to amounts in proestrus

follicles. Amounts of IGFBP-2 and -4a were not different
in follicles from short, long, and proestrous cows. Follic-
ular fluid concentrations of IGF-I are not different be-
tween DF and first subordinate follicles (Stewart et al.,
1996). Changes in amounts of IGFBP in follicles during
several weeks before the first postpartum estrus and
ovulation may result in similar total concentration of
IGF-I within follicles, but may result in different biolog-
ical effects on follicular growth and maturation.

Leptin Receptors in the Hypothalamus and Pituitary

We used acute nutritionally restricted anovulatory
heifers to evaluate the possible role of leptin in the
regulation of the onset of anestrus (White et al., 2001).
When postpubertal heifers were fed 0.4x maintenance
(M) for 14 d, 58% became anovulatory and concentra-
tions of IGF-I were reduced (P < 0.001) compared with
heifers fed 1.2x M. Concentration of leptin in plasma
of heifers fed 0.4x M tended to be reduced (P < 0.10)
compared with heifers fed 1.2x M. The amount of leptin
receptor in the median eminence, arcuate nucleus, and
anterior pituitary as determined by quantitative RT-
PCR were not significantly different for 0.4x M and 1.2x
M heifers. In agreement with our results, secretion of
GnRH by medial basal hypothalamic explants from
ovariectomized estradiol-treated cows was not influ-
enced by leptin (Amstalden et al., 2002b). If acute nutri-
tional restriction signals hypothalamic or pituitary
function via leptin, we have no evidence that the effect
is by alteration in the amount of message for synthesis
of leptin receptor.

Conclusions

Body energy reserve at calving is the most important
factor that influences the interval from parturition to
the first estrus and ovulation in beef cows. Postpartum
nutrient intake can modulate the duration of the post-
partum anestrous interval; however, even if thin cows
gain great amounts of weight after calving, ovulation
occurs later than for cows that calve in good body condi-
tion and maintain body weight.

Decreased pulsatile secretion of GnRH is the major
cause of reduced pulsatile secretion of LH and extended

Table 3. Influence of days before first postpartum (PP) estrus and ovulation on
dominant follicle size and concentrations of insulin-like growth factor-I, estradiol,
and insulin-like growth factor binding proteins in follicular fluid

IGFBP
Estrus and Cows, Aspiration Follicle IGF-I, Estradiol, _—
ovulation, d no. PP, d diameter, mm ng/mL ng/mL 3 4Db
<35 10 42 13.2 24.1 952 422 0.4¢
>35 9 39 12.3 22.6 722 32 0.1¢
Proestrus 6 47 13.0 28.3 435° 402 0.5¢
SE — — 3.6 63 3.9 0.1

abMeans within a column that do not have a common superscript differ (P < 0.06).
©dMeans within a column that do not have a common superscript differ (P < 0.05).
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Figure 3. Control of reproductive function in postpar-
tum beef cows.

postpartum anovulatory intervals in beef cows (Figure
3). With inadequate secretion of LH, DF do not become
estrogen active and secrete insufficient estradiol to in-
duce an ovulatory surge of LH and estrus. Adequate
nutrient intake results in increased concentrations of
insulin, IGF-I, and leptin in plasma and increased body
fat reserves. If fat stores are sufficient (BCS greater
than 5) and nutrient intake is not adequate, mobiliza-
tion of fat can occur and alter plasma concentrations
of insulin, IGF-I, and leptin. Secretion of growth hor-
mone by the anterior pituitary stimulates synthesis of
IGF-I by the liver except during inadequate nutrient
intake when GH receptors on the liver are inadequate
and the GH-IGF-I system is disconnected. Under these
circumstances, tissue-specific synthesis of IGF-I may
have important autocrine or paracrine effects. A stimu-
latory role of leptin in control of GnRH secretion in
cattle is not established, however, insulin and IGF-I
may enhance GnRH secretion. Leptin, IGF-I, and insu-
lin may have direct effects on the pituitary to increase
secretion of LH and on the ovary to regulate steroido-
genesis.

Although concentrations of insulin, IGF-I, and leptin
in plasma are relatively constant during the 7 wk before
the first postpartum estrus and ovulation, this does
not mean they are not metabolic signals that regulate
reproduction. The hormones could a) influence early
follicular or oocyte development and have delayed ef-
fects, b) have a permissive role to facilitate the effect
of other hormones or factors, or ¢) have effects that are
modulated by amounts of binding proteins or specific
receptors. It is probable that unidentified compounds
produced by adipose tissue have stimulatory or inhibi-
tory effects on hypothalamic, pituitary or ovarian func-
tion since adequate body energy reserves, as well as
secretion of insulin and IGF-I, are a prerequisite for
postpartum ovulation.

Suckling has an inhibitory effect on pulsatile GnRH
secretion during the early postpartum period, and in

thin cows. If cows have adequate body energy reserves
and nutrient intake, the suppressive effect of suckling
on GnRH secretion is greatly diminished by 30 d post-
partum.

We conclude that both body fat reserves and nutrient
intake regulate anovulation in beef cows. Effects of BCS
and nutrient intake on concentrations of IGFBP, as well
as receptors for IGF-I and leptin, must be evaluated in
the hypothalamus, pituitary, and ovary to elucidate
metabolic signals that control postpartum ovulation in
beef cows.

Implications

The interval from calving to conception greatly influ-
ences profitability of beef production. Inadequate body
fat stores at calving and reduced postpartum nutrient
intake increase the interval from calving until ovula-
tion. Suckling suppresses ovulation during the early
postpartum period in cows with moderate body fat
stores, and the suppression is longer in thin cows. Re-
stricted suckling or early weaning of calves can be used
to improve reproductive efficiency in very thin cows.
Insulin, insulin-like growth factor-I, and leptin may be
metabolic signals or permissive cues; however, other
interactive factors must be involved. Determination of
metabolic signals by which body energy stores and nu-
trient intake regulate the interval from calving to first
ovulation will allow development of management strat-
egies to increase pregnancy rates in beef cows.

Literature Cited

Adam, C. L., T. S. Gadd, P. A. Findlay, and D. C. Wathes. 2000.
IGF-I stimulation of luteinizing hormone secretion, IGF-binding
proteins (IGFBPs) and expression of mRNAs for IGF's, IGF recep-
tors and IGFBPs in the ovine pituitary gland. J. Endocrinol.
166:247-254.

Amstalden, M., M. R. Garcia, R. L. Stanko, S. E. Nizielski, C. D.
Morrison, D. H. Keisler, and G. L. Williams. 2002a. Central
infusion of recombinant ovine leptin normalizes plasma insulin
and stimulates a novel hypersecretion of luteinizing hormone
after short-term fasting in mature beef cows. Biol. Reprod.
66:1555-1561.

Amstalden, M., M. R. Garcia, S. W. Williams, R. L. Stanko, S. E.
Nizielski, C. D. Morrison, D. H. Keisler, and G. L. Williams.
2000. Leptin gene expression, circulating leptin, and luteinizing
hormone pulsatility are acutely responsive to short-term fasting
in prepubertal heifers: Relationships to circulating insulin and
insulin-like growth factor I. Biol. Reprod. 63:127-133.

Amstalden, M., D. A. Zieba, J. L. Gallino, S. Morton, J. F. Edwards,
P. G. Harms, T. H. Welsh, R. L. Stanko, D. H. Keisler, and G.
L. Williams. 2002b. Leptin modulates basal secretion of LH and
enhances gonadotroph responsiveness to GnRH in adenohypoph-
yseal explants from fasted cows. Biol. Reprod. 66:281. (Abstr.)

Anderson, R. A., I. H. Zwain, A. Arroyo, P. L. Mellon, and S. C. S.
Yen. 1999. The insulin-like growth factor system in the GT1-7
GnRH neuronal cell line. Neuroendocrinology 70:353-359.

Arias, P., M. Rodriguez, B. Szwarcfarb, I. R. Sinay, and J. A. Moguilev-
sky. 1992. Effect of insulin on LHRH release by perifused hypo-
thalamic fragments. Neuroendocrinology 56:415—418.

Armstrong, D. G., T. G. McEvoy, G. Baxter, J. J. Robinson, C. O.
Hogg, K. J. Woad, R. Webb, and K. D. Sinclair. 2001. Effect of
dietary energy and protein on bovine follicular dynamics and



E56 Wettemann et al.

embryo production in vitro: Associations with the ovarian insu-
lin-like growth factor system. Biol. Reprod. 64:1624-1632.

Armstrong, J. D., W. S. Cohick, R. W. Harvey, E. P. Heimer, and R. M.
Campbell. 1993. Effect of feed restriction on serum somatotropin,
insulin-like growth factor-I- (IGF-I) and IGF binding proteins
in cyclic heifers actively immunized against growth hormone
releasing factor. Domest. Anim. Endocrinol. 10:315-324.

Barash, I. A., C. C. Cheung, D. S. Weigle, H. Ren, E. B. Kabigting,
J. L. Kuijper, D. K. Clifton, and R. A. Steiner. 1996. Leptin is
a metabolic signal to the reproductive system. Endocrinology
137:3144-3147.

Bishop, D. K., and R. P. Wettemann. 1993. Pulsatile infusion of gona-
dotropin-releasing hormone initiates luteal activity in nutri-
tionally anestrous beef cows. J. Anim. Sci. 71:2714-2720.

Bishop, D. K., R. P. Wettemann, and L. J. Spicer. 1994. Body energy
reserves influence the onset of luteal activity after early weaning
of beef cows. J. Anim. Sci. 72:2703-2708.

Blache, D., P. Celi, M. A. Blackberry, R. A. Dynes, and G. B. Martin.
2000. Decrease in voluntary feed intake and pulsatile luteinizing
hormone secretion after intracerebroventricular infusion of re-
combinant bovine leptin in mature male sheep. Reprod. Fertil.
Dev. 12:373-381.

Block, S. S., W. R. Butler, R. A. Ehrhardt, A. W. Bell, M. E. Van
Amburgh, and Y. R. Boisclair. 2001. Decreased concentration of
plasma leptin in periparturient dairy cows is caused by negative
energy balance. J. Endocrinol. 171:339-348.

Bossis, 1., R. P. Wettemann, S. D. Welty, J. A. Vizcarra, and L. J.
Spicer. 2000. Nutritionally induced anovulation in beef heifers:
Ovarian and endocrine function during realimentation and re-
sumption of ovulation. Biol. Reprod. 62:1436-1444.

Bossis, L., R. P. Wettemann, S. D. Welty, J. A. Vizcarra, L. J. Spicer,
and M. G. Diskin. 1999. Nutritionally induced anovulation in
beefheifers: Ovarian and endocrine function preceding cessation
of ovulation. J. Anim. Sci. 77:1536-1546.

Braden, T. D., J. G. Manns, D. L. Cermak, T. M. Nett, and G. D.
Niswender. 1986. Follicular development following parturition
and during the estrous cycle in beef cows. Theriogenology
25:833-843.

Breuel, K. F., P. E. Lewis, E. K. Inskeep, and R. L. Butcher. 1993.
Endocrine profiles and follicular development in early-weaned
postpartum beef cows. J. Reprod. Fertil. 97:205-212.

Brier, B. H., P. D. Gluckman, and J. J. Bass. 1988. Influence of
nutritional status and estradiol-17 on plasma growth hormone,
insulin-like growth factors-I and -II and the response to exoge-
nous growth hormone in young steers. J. Endocrinol.
118:243-250.

Brown, M. S., and J. L. Goldstein. 1997. The SREBP pathway: Regula-
tion of cholesterol metabolism by proteolysis of a membrane-
bound transcription factor. Cell 89:331-340.

Bucholtz, D. C., N. M. Vidwans, C. G. Herbosa, K. K. Schillo, and
D. L. Foster. 1996. Metabolic interfaces between growth and
reproduction. V. Pulsatile luteinizing hormone secretion is de-
pendent on glucose availability. Endocrinology 137:601-607.

Cameron,d. L., and C. Nosbisch. 1991. Suppression of pulsatile lutein-
izing hormone and testosterone secretion during short term food
restriction in the adult male Rhesus monkey (Macaca mulatta).
Endocrinology 128:1532—-1540.

Campbell, G. A., M. Kurcz, S. Marshall, and J. Meites. 1977. Effects of
starvation in rats on serum levels of follicle stimulating hormone,
luteinizing hormone, thyrotropin, growth hormone and prolac-
tin; response to LH-releasing hormone and thyrotropin-releas-
ing hormone. Endocrinology 100:580-587.

Ciccioli, N. H., M. L. Looper, L. J. Spicer, and R. P. Wettemann. 2001a.
Postpartum nutrient intake influences plasma concentrations of
insulin-like growth factor-I during the resumption of ovarian
function of primiparous beef cows. J. Anim. Sci. 79(Suppl.
2):19(Abstr.).

Ciccioli, N. H., R. P. Wettemann, L. J. Spicer, D. H. Keisler, C. A.
Lents, and F. J. White. 2001b. Postpartum nutrition influences
concentrations of leptin, IGF-I and pregnancy rate of primipa-
rous beef cows. J. Anim. Sci. 79(Suppl. 1):34. (Abstr.)

Connor, H. C., P. L. Houghton, R. P. Lemenager, P. V. Malven, J. R.
Parfet, and G. E. Moss. 1990. Effect of dietary energy, body
condition and calf removal on pituitary gonadotropins, gonado-
tropin-releasing hormone (GnRH) and hypothalamic opioids in
beef cows. Domest. Anim. Endocrinol. 7:403—-411.

Considine, R. V., M. K. Sinha, M. L. Heiman, A. Kriauciunas, T. W.
Stephens, M. R. Nyce, J. P. Ohannesian, C. C. Marco, L. J.
McKee, T. L. Bauer, and J. F. Caro. 1996. Serum immunoreac-
tive-leptin concentrations in normal-weight and obese humans.
N. Engl. J. Med. 334:292-295.

Convey, E. M., H. A. Tucker, and R. E. Short. 1983. Acute effect of
suckling on gonadotropin, prolactin and glucocorticoid concen-
trations in serum of intact and ovariectomized beef cows. Therio-
genology 20:661-674.

Copelin, J. P., M. F. Smith, H. A. Garverick, and R. S. Youngquist.
1987. Effect of the uterus on subnormal luteal function in anes-
trous beef cows. J. Anim. Sci. 64:1506-1511.

Corah, L. R., A. P. Quealy, T. G. Dunn, and C. C. Kaltenbach. 1974.
Prepartum and postpartum levels of progesterone and estradiol
in beef heifers fed two levels of energy. J. Anim. Sci. 39:380-385.

Daniel, J. A., M. G. Thomas, C. S. Hale, J. M. Simmons, and D. H.
Keisler. 2000. Effect of cerebroventricular infusion of insulin
and (or) glucose on hypothalamic expression of leptin receptor
and pituitary secretion of LH in diet-restricted ewes. Domest.
Anim. Endocrinol. 18:177-185.

de la Sota, R. L., F. A. Simmen, T. Diaz, and W. W. Thatcher. 1996.
Insulin-like growth factor system I bovine first-wave dominant
and subordinate follicle. Biol. Reprod. 55:803-912.

Delavaud, C., F. Bocquier, Y. Chilliard, D. H. Keisler, A. Gertler, and
G. Kann. 2000. Plasma leptin determination in ruminants: Effect
of nutritional status and body fatness on plasma leptin concen-
tration assessed by a specific RIA in sheep. J. Endocrinology
165:519-526.

Donaldson, L. E., J. M. Bassett, and G. D. Thorburn. 1970. Pheriph-
eral plasma progesterone concentration of cows during puberty,
oestrous cycles, pregnancy and lactation, and the effects of un-
dernutrition or exogenous oxytocin on progesterone concentra-
tion. J. Endocrinol. 48:599-614.

Dulffy, P., M. A. Crowe, M. P. Boland, and J. F. Roche. 2000. Effect
of exogenous LH pulses on the fate of the first dominant follicle in
postpartum beef cows nursing calves. J. Reprod. Fertil. 118:9-17.

Dunn, T. G., and C. C. Kaltenbach. 1980. Nutrition and postpartum
interval of ewe, sow, and cow. J. Anim. Sci. 51(Suppl. 2):29-39.

Dyer, C. J., J. M. Simmons, R. L. Matteri, and D. H. Keisler. 1997.
Leptin receptor mRNA is expressed in ewe anterior pituitary and
adipose tissues and is differentially expressed in hypothalamic
regions of well-fed and feed-restricted ewes. Domest. Anim. En-
docrinol. 14:119-128.

Echternkamp, S. E., and W. Hansel. 1973. Concurrent changes in
bovine plasma hormone levels prior to and during the first post-
partum estrous cycle. J. Anim. Sci. 37:1362-1370.

Edgerton, L. A. 1980. Effect of lactation upon the postpartum interval.
J. Anim. Sci. 51(Suppl. 2):40-52.

Ehrhardt, R. A., R. M. Slepetis, J. Siegal-Willott, M. E. Van Amburgh,
A. W. Bell, and Y. R. Boisclair. 2000. Development of a specific
radioimmunoassay to measure physiological changes of circulat-
ing leptin in cattle and sheep. J. Endocrinol. 166:519-528.

Erb, R. E., A. H. Surve, C. J. Callahan, R. D. Randel, and H. A.
Garverick. 1971. Reproductive steroids in the bovine. VII.
Changes postpartum. J. Anim. Sci. 33:1060-1071.

Estienne, M. J., K. K. Schillo, S. M. Hileman, M. A. Green, S. H.
Hayes, and J. A. Boling. 1990. Effects of free fatty acids on
luteinizing hormone and growth hormone secretion in ovariecto-
mized lambs. Endocrinology 126:1934-1940.

Funston, R. N., G. E. Moss, and A. J. Roberts. 1995a. Insulin-like
growth factor-I (IGF-I) and IGF-binding proteins in bovine sera
and pituitaries at different stages of the estrous cycle. Endocri-
nology 136:62—68.

Funston, R. N., A. J. Roberts, D. L.. Hixon, D. M. Hallford, D. W.
Sanson, and G. E. Moss. 1995b. Effect of acute glucose antago-
nism on hypophyseal hormones and concentrations of insulin-



Anovulation in beef cows E57

like growth factor (IGF)-I and IGF-binding proteins in serum,
anterior pituitary, and hypothalamus of ewes. Biol. Reprod.
52:1179-1186.

Funston, R. N., G. E. Seidel, J. Klindt, and A. J. Roberts. 1996.
Insulin-like growth factor I and insulin-like growth factor-bind-
ing proteins in bovine serum and follicular fluid before and after
the preovulatory surge of luteinizing hormone. Biol. Reprod.
55:1390-1396.

Garcia-Winder, H., K. Imakawa, M. L. Day, D. D. Zalesky, R. J.
Kittock, and J. E. Kinder. 1984. Effect of suckling and ovariec-
tomy on the control of luteinizing hormone during the postpar-
tum period in beef cows. Biol. Reprod. 31:771-778.

Garverick, H. A., W. G. Zollers, and M. F. Smith. 1992. Mechanisms
associated with corpus luteum lifespan in animals having nor-
mal or subnormal luteal function. Anim. Reprod. Sci. 28:111—
124.

Gazal, O.S.,L.S. Leshin, R. L. Stanko, M. G. Thomas, D. H. Keisler, L.
L. Anderson, and G. L. Williams. 1998. Gonadotropin-releasing
hormone secretion into third-ventricle cerebrospinal fluid in cat-
tle: Correspondence with the tonic and surge release of luteiniz-
ing hormone and its tonic inhibition by suckling and Neuropep-
tide Y. Biol. Reprod. 59:676-683.

Ginther, O. J., L. Knopf, and J. P. Kastelic. 1989. Ovarian follicular
dynamics in heifers during early pregnancy. Biol. Reprod.
41:247-254.

Ginther, O. J., K. Kot, L. J. Kulick, S. Martin, and M. C. Wiltbank.
1996. Relationships between FSH and ovarian follicular waves
during the last six months of pregnancy in cattle. J. Reprod.
Fertil. 108:271-279.

Graves, W. E., J. W. Lauderdale, E. R. Hauser, and L. E. Casida.
1968. Relation of postpartum interval to pituitary gonadotro-
pins, ovarian follicular development and fertility of beef cows.
Pages 23-26 in Studies on the postpartum cow. Research Bull.
No. 270, Univ. of Wisconsin, Madison.

Harrison, L. M., and R. D. Randel. 1986. Influence of insulin and
energy intake on ovulation rate, luteinizing hormone and proges-
terone in beef heifers. J. Anim. Sci. 63:1228-1235.

Henricks, D. M., J. F. Dickey, J. R. Hill, and W. E. Johnston. 1972.
Plasma estrogen and progesterone levels after mating, and dur-
ing late pregnancy and postpartum in cows. Endocrinology
90:1336-1342.

Henry, B. A., J. W. Goding, W. S. Alexander, A. J. Tilbrook, B. J.
Canny, F. Dunshea, A. Rao, A. Mansell, and I. J. Clarke. 1999.
Central administration of leptin to ovariectomized ewes inhibits
food intake without affecting the secretion of hormones from the
pituitary gland: evidence for a dissociation of effects on appetite
and neuroendocrine function. Endocrinology 140:1175-1182.

Hiney, J. K., V. Srivastava, C. L. Nyberg, S. R. Ojeda, and W. L.
Dees. 1996. Insulin-like growth factor I of peripheral origin acts
centrally to accelerate the initiation of female puberty. Endocri-
nology 137:3717-3728.

Humphrey, W. D., C. C. Kaltenbach, T. G. Dunn, D. R. Koritnik, and
G. D. Niswender. 1983. Characterization of hormonal patterns
in the beef cow during postpartum anestrus. J. Anim. Sci.
56:445-453.

Imakawa, K., M. L. Day, D. D. Zalesky, A. Clutter, R. J. Kittok, and
J. E. Kinder. 1987. Effects of 17-/ estradiol and diets varying
in energy on secretion of luteinizing hormone in beef heifers. J.
Anim. Sci. 64:805-815.

Ingalls, W. G., E. M. Convey, and H. D. Hafs. 1973. Bovine serum
LH, GH, and prolactin during late pregnancy, parturition and
early lactation. Proc. Soc. Exp. Biol. Med. 143:161-164.

Igbal, J., S. Pompolo, R. V. Considine, and I. J. Clarke. 2000. Localiza-
tion of leptin receptor-like immunoreactivity in the corticotropes,
somatotropes, and gonadotropes in the ovine anterior pituitary.
Endocrinology 141:1515-1520.

Jones, J. 1., and D. R. Clemmons. 1995. Insulin-like growth factors and
their binding proteins: Biological actions. Endocr. Rev. 16:3-34.

Jump, D. B. 2001. Nutrients as regulators of gene expression. Pages
32-37 in Scientific Advances in Animal Nutrition, Promise for
the New Century. NRC, Washington, DC.

Jump, D. B., and S. D. Clarke. 1999. Regulation of gene expression
by dietary fat. Annu. Rev. Nutr. 19:63-90.

Kesler, D. J., T. R. Troxel, and D. L. Hixon. 1980. Effect of days
postpartum and exogenous GnRH on reproductive hormone and
ovarian changes in postpartum suckled beef cows. Theriogenol-
ogy 13:287-295.

Khireddine, B., B. Grimard, A. A. Ponter, C. Ponsart, H. Boudjenah,
J. P. Mialot, D. Sauvant, and P. Humblot. 1998. Influence of
flushing on LH secretion, follicular growth and the response to
estrus synchronization treatment in suckled beef cows. Therio-
genology 49:1409-1423.

Lamb, G. C., B. L. Miller, J. M. Lynch, K. E. Thompson, J. S. Heldt,
C. A. Loest, D. M. Grieger, and J. S. Stevenson. 1999. Twice daily
suckling but not milking with calf presence prolongs postpartum
anovulation. J. Anim. Sci. 77:2207-2218.

Lauderdale, J. W. 1986. A review of patterns of change in luteal
function. J. Anim. Sci. 62(Suppl. 2):79-91.

Lents, C. A., R. P. Wettemann, J. M. Bolanos, F. J. White, I. Rubio,
N. H. Ciccioli, and L. J. Spicer. 2002. Influence of nutrition
and body condition score on plasma concentrations of IGF-I and
thyroxine (T4) in gestating beef cows. J. Anim. Sci. 80(Suppl.
1):354. (Abstr.)

Lents, C. A, F. J. White, D. L. Lalman, and R. P. Wettemann. 2000.
The effects of body condition and protein supplementation of
postpartum beef cows on estrous behavior and follicle size. J.
Anim. Sci. 78(Suppl. 1):212. (Abstr.)

Lesniak, M. A., J. M. Hill, W. Kiess, M. Rojeski, C. B. Pert, and J.
Roth. 1988. Receptors for insulin-like growth factors I and II:
Autoradiographic localization in rat brain and comparison to
receptors for insulin. Endocrinology 123:2089-2099.

Livingstone, C., H. Lyall, and G. W. Gould. 1995. Hypothalamic GLUT
4 expression: A glucose- and insulin-sensing mechanism? Mol.
Cell. Endocrinol. 107:67-70.

Longo, K. M., Y. Sun, and A. C. Gore. 1998. Insulin-like growth factor-
I effects on gonadotropin-releasing hormone biosynthesis in
GT1-7 cells. Endocrinology 139:1125-1132.

Looper, M. L., C. A. Lents, J. A. Vizcarra, and R. P. Wettemann.
1997. Evaluation of the effects of body condition on luteal activity
and estrus in postpartum beef cows. J. Anim. Sci. 74(Suppl.
1):223. (Abstr.)

Mackey, D. R., A. R. Wylie, J. M. Sreenan, J. F. Roche, and M. G.
Diskin. 2000. The effect of acute nutritional change on follicle
wave turnover, gonadotropin, and steroid concentration in beef
heifers. J. Anim. Sci. 78:429-442.

Maffei, M., J. Halaas, E. Ravussin, R. E. Pratley, G. H. Lee, Y. Zhang,
H. Fei, S. Kim, R. Lallone, S. Ranganathan, P. A. Kern, and J.
M. Friedman. 1995. Leptin levels in human and rodent: Mea-
surement of plasma leptin and ob RNA in obese and weight-
reduced subjects. Nat. Med. 1:1155-1161.

Maile, L. A., and J. M. P. Holly. 1999. Insulin-like growth factor
binding protein (IGFBP) proteolysis: Occurrence, identification,
role and regulation. Growth Horm. IGF Res. 9:85-95.

McClure, T. J., C. D. Nancarrow, and H. M. Radford. 1978. The effect
of 2-deoxy-D-glucose on ovarian function of cattle. Aust. J. Biol.
Sci. 31:183-186.

McGuire, M. A, D. E. Bauman, D. A. Dwyer, and W. S. Cohick. 1995.
Nutritional modulation of the somatotropin/insulin-like growth
factor system: Response to feed deprivation in lactating cows.
J. Nutr. 125:493-502.

Mihm, M., E. J. Austin, T. E. Good, J. L. Ireland, P. G. Knight, J.
R. Roche, and J. J. Ireland. 2000. Identification of potential
intrafollicular factors involved in selection of dominant follicles
in heifers. Biol. Reprod. 63:811-819.

Morrison, C. D., J. A. Daniel, B. J. Holmberg, J. Djiane, N. Raver,
A. Gertler, and D. H. Keisler. 2001. Central infusion of leptin
into well-fed and undernourished ewe lambs: Effects on feed
intake and serum concentrations of growth hormone and lutein-
izing hormone. J. Endocrinol. 168:317-324.

Moss, G. E., J. R. Parfet, C. A. Marvin, R. D. Allrich, and M. A.
Diekman. 1985. Pituitary concentrations of gonadotropins and



E58 Wettemann et al.

receptors for GnRH in suckled beef cows at various intervals
after calving. J. Anim. Sci. 60:285-293.

Murphy, M. G., M. P. Boland, and J. F. Roche. 1990. Pattern of
follicular growth and resumption of ovarian activity in post-
partum beef suckler cows. J. Reprod. Fertil. 90:523-533.

Nagatani, S., Y. Zeng, D. H. Keisler, D. L. Foster, and C. A. Jaffe.
2000. Leptin regulates pulsatile luteinizing hormone and growth
hormone secretion in the sheep. Endocrinology 141:3965-3975.

Nett, T. M., D. Cermak, T. Braden, J. Manns, and G. D. Niswender.
1987. Pituitary receptors for GnRH and estradiol, and pituitary
content of gonadotropins in beef cows. I. Changes during the
estrous cycle. Domest. Anim. Endocrinol. 4:123-132.

Nett, T. M., D. Cermak, T. Braden, J. Manns, and G. D. Niswender.
1988. Pituitary receptors for GnRH and estradiol, and pituitary
content of gonadotropins in beef cows. II. Changes during the
postpartum period. Domest. Anim. Endocrinol. 5:81-89.

Northey, D. L., and L. R. French. 1980. Effect of embryo removal and
intrauterine infusion of embryonic homogenates on the lifespan
of the bovine corpus luteum. J. Anim. Sci. 50:298-302.

Odde, K. G., H. S. Ward, G. H. Kiracofe, R. M. McKee, and R. J.
Kittok. 1980. Short estrous cycles and associated serum proges-
terone levels in beef cows. Theriogenology 14:105-112.

Ojeda, A. J., R. P. Wettemann, J. A. Vizcarra, and F. W. Owens.
1996. The effect of acute nutrient derivation on LH secretion
and blood components in steers. J. Anim. Sci. 74(Suppl.
1):218. (Abstr.)

Ostlund, R. E. J., J. W. Yang, S. Klein, and R. Gingerich. 1996.
Relation between plasma leptin concentration and body fat, gen-
der, diet, age, and metabolic covariates. J. Clin. Endocrinol.
Metab. 81:3909-3913.

Perry, R. C., L. R. Corah, R. C. Cochran, W. E. Beal, J. S. Stevenson,
J. E. Minton, D. D. Simms, and J. R. Brethour. 1991. Influence of
dietary energy on follicular development, serum gonadotropins,
and first postpartum ovulation in suckled beef cows. J. Anim.
Sci. 69:3762-3773.

Peters, A. R., and G. E. Lamming. 1984. Reproductive activity of
the cow in the post-partum period. II. Endocrine patterns and
induction of ovulation. Br. Vet. J. 140:269-280.

Peters, A. R., G. E. Lamming, and M. W. Fisher. 1981. A comparison
of plasma LH concentrations in milked and suckling postpartum
cows. J. Reprod. Fertil. 62:567-573.

Poretsky, L., and M. F. Kalin. 1987. The gonadotropic function of
insulin. Endocr. Rev. 8:132-141.

Richards, M. W., L. J. Spicer, and R. P. Wettemann. 1995. Influence
of diet and ambient temperature on bovine serum insulin-like
growth factor-I and thyroxine: Relationships with non-sterified
fatty acids, glucose, insulin, luteinizing hormone and progester-
one. Anim. Reprod. Sci. 37:267-279.

Richards, M. W., J. C. Spitzer, and M. B. Warner. 1986. Effect of
varying levels of postpartum nutrition and body condition at
calving on subsequent reproductive performance in beef cattle.
J. Anim. Sci. 62:300-306.

Richards, M. W., R. P. Wettemann, and H. M. Schoenemann. 1989.
Nutritional anestrus in beef cows: Concentrations of glucose and
nonsterified fatty acids in plasma and insulin in serum. J. Anim.
Sci. 67:2354-2362.

Richards, M. W., R. P. Wettemann, L. J. Spicer, and G. L. Morgan.
1991. Nutritional anestrus in beef cows: Effects of body condition
and ovariectomy on serum luteinizing hormone and insulin-like
growth factor-I. Biol. Reprod. 44:961-966.

Roberson, M. S., M. W. Wolfe, T. T. Stumpf, R. J. Kittock, and J. E.
Kinder. 1989. Luteinizing hormone secretion and corpus luteum
in cows receiving two levels of progesterone. Biol. Reprod.
41:997-1003.

Roberts, A. J., R. N. Funston, and G. E. Moss. 2001. Insulin-like
growth factor binding proteins in the bovine anterior pituitary.
Endocrine 14:399-406.

Ronge, H., and J. Blum. 1989. Insulin-like growth factor I response
to recombinant bovine growth hormone during feed restriction
in heifers. Acta. Endocrinol. 120:735-744.

Rutter, L. M., and J. G. Manns. 1987. Hypoglycemia alters pulsatile
luteinizing hormone secretion in the postpartum beef cow. J.
Anim. Sci. 64:479-488.

Rutter, L. M., and J. G. Manns. 1991. Insulin-like growth factor I in
follicular development and function in postpartum beef cows. dJ.
Anim. Sci. 69:1140-1146.

Savio, J. D., M. P. Boland, N. Hynes, and J. F. Roche. 1990. Resump-
tion of follicular activity in the early post-partum period of dairy
cows. J. Reprod. Fertil. 88:569-579.

Savio, J. D., W. W. Thatcher, L. Badinga, R. L. de la Sota, and D.
Wolfenson. 1993. Regulation of dominant follicle turnover during
the oestrous cycle in cows. J. Reprod. Fertil. 97:197-203.

Schallenberger, E., U. Oerterer, and G. Hutterer. 1982. Neuroendo-
crine regulation of postpartum function. Pages 123-147 in Fac-
tors Influencing Fertility in the Postpartum Cow. Curr. Topics
Vet. Med. Anim. Sci. Vol. 20. H. Karg and E. Schallenberger,
ed. Martinus Nijhoff Publ., The Hague, The Netherlands.

Schams, D., B. Berisha, M. Kosmann, R. Einspanier, and W. M.
Amselgruber. 1999. Possible role of growth hormone, IGFs, and
IGF-binding proteins in the regulation of ovarian function in
large farm animals. Domest. Anim. Endocrinol. 17:279-285.

Schneider, J. E., R. M. Blum, and G. N. Wade. 2000. Metabolic control
of food intake and estrous cycles in syrian hamsters. I. Plasma
insulin and leptin. Am. J. Physiol. Regul. Integr. Comp. Physiol.
278:R476-R485.

Selk, G. E., R. P. Wettemann, K. S. Lusby, J. W. Oltjen, S. L. Mobley,
R. J. Rasby, and J. C. Garmendia. 1988. Relationships among
weight change, body condition and reproductive performance of
range beef cows. J. Anim. Sci. 66:3153-3159.

Short, R. E., R. A. Bellows, E. L. Moody, and B. E. Howland. 1972.
Effects of suckling and mastectomy on bovine postpartum repro-
duction. J. Anim. Sci. 34:70-74.

Short, R. E., R. A. Bellows, R. B. Staigmiller, J. G. Berardinelli,
and E. E. Custer. 1990. Physiological mechanisms controlling
anestrus and infertility in postpartum beef cattle. J. Anim. Sci.
68:799-816.

Silveira, P. A., R. A. Spoon, and G. L. Williams. 1993. Evidence
for maternal behavior as a requisite link in suckling-mediated
anovulation in cows. Biol. Reprod. 49:1338-1346.

Simpson, R. B., C. C. Chase, Jr., L. J. Spicer, R. K. Vernon, A. C.
Hammond, and D. O. Rae. 1994. Effect of exogenous insulin on
plasma and follicular insulin-like growth factor I, insulin-like
growth factor binding protein activity, follicular oestradiol and
progesterone, and follicular growth in superovulated Angus and
Brahman cows. J. Reprod. Fertil. 102:483-492.

Smith, G. D., L. M. Jackson, and D. L. Foster. 2002. Leptin regulation
of reproductive function and fertility. Theriogenology 57:73-86.

Smith, V. G., L. A. Edgerton, H. D. Hafs, and E. M. Convey. 1973.
Bovine serum estrogens, progestins and glucocorticoids during
late pregnancy, parturition and early lactation. J. Anim. Sci.
36:391-396.

Snyder, J. L., J. A. Clapper, A. J. Roberts, D. W. Sanson, D. L.
Hamernik, and G. E. Moss. 1999. Insulin-like growth factor-I,
insulin-like growth factor-binding proteins, and gonadotropins
in the hypothalamic-pituitary axis and serum of nutrient-re-
stricted ewes. Biol. Reprod. 61:219-224.

Spicer, L. J. 2001. Leptin: A possible metabolic signal affecting repro-
duction. Domest. Anim. Endocrinol. 21:251-270.

Spicer, L. J., E. Alpizar, and S. E. Echternkamp. 1993. Effects of
insulin, insulin-like growth factor-I, and gonadotropins on bo-
vine granulosa cell proliferation, progesterone production, estra-
diol production, and(or) insulin-like growth factor I production
in vitro. J. Anim. Sci. 71:1232-1241.

Spicer, L. J., and C. S. Chamberlain. 1998. Influence of cortisol and
insulin- and insulin-like growth factor I (IGF-I)-induced steroid
production and on IGF-I receptors in cultured bovine granulosa
cells and thecal cells. Endocrine 9:153-161.

Spicer, L. J., and S. E. Echternkamp. 1995. The ovarian insulin and
insulin-like growth factor system with an emphasis on domestic
animals. Domest. Anim. Endocrinol. 12:223-245.



Anovulation in beef cows E59

Spicer, L. J., S. E. Echternkamp, S. F. Canning, and J. M. Hammond.
1988. Relationship between concentrations of immunoreactive
insulin-like growth factor-I in follicular fluid and various bio-
chemical markers of differentiation in bovine antral follicles.
Biol. Reprod. 39:573-580.

Spicer, L. J., and C. C. Francisco. 1997. The adipose obese gene
product, leptin: Evidence of a direct inhibitory role in ovarian
function. Endocrinology 138:3374-3379.

Spicer, L. J., K. Leung, E. M. Convey, J. Gunther, R. E. Short, and
H. A. Tucker. 1986. Anovulation in postpartum suckled beef
cows. I. Associations among size and numbers of ovarian follicles,
uterine involution, and hormones in serum and follicular fluid.
J. Anim. Sci. 62:734-741.

Spitzer, J. C., D. G. Morrison, R. P. Wettemann, and L. C. Faulkner.
1995. Reproductive responses and calf birth and weaning
weights as affected by body condition at parturition and postpar-
tum weight gain in primiparous beef cows. J. Anim. Sci.
73:1251-1257.

Stagg, K., M. G. Diskin, J. M. Sreenan, and J. F. Roche. 1995. Follicu-
lar development in long-term anoestrous suckler beef cows fed
two levels of energy postpartum. Anim. Reprod. Sci. 38:49-61.

Stagg, K., L. J. Spicer, J. M. Sreenan, J. F. Roche, and M. G. Diskin.
1998. Effect of calfisolation on follicular wave dynamics, gonado-
tropin and metabolic hormone changes, and interval to first
ovulation in beef cows fed either of two energy levels postpartum.
Biol. Reprod. 59:777-783.

Stevenson, J. S., G. C. Lamb, D. P. Hoffmann, and J. E. Minton. 1997.
Interrelationships of lactating and postpartum anovulation in
suckled and milked cows. Livestock Prod. Sci. 50:57-74.

Stewart, R. E., L. J. Spicer, T. D. Hamilton, B. E. Keefer, L. J. Dawson,
G. L. Morgan, and S. E. Echternkamp. 1996. Levels of insulin-
like growth factor (IGF) binding proteins, luteinizing hormone
and IGF-Ireceptors, and steroids in dominant follicles during the
first follicular wave in cattle exhibiting regular estrous cycles.
Endocrinology 137:2842—-2850.

Stock, A. E., and J. E. Fortune. 1993. Ovarian follicular dominance in
cattle: Relationship between prolonged growth of the ovulatory
follicle and endocrine parameters. Endocrinology 132:1108-—
1114.

Terqui, M., D. Chupin, D. Gauthier, N. Perez, J. Pelot, and P.
Mauleon. 1982. Influence of management and nutrition on post-
partum endocrine function and ovarian activity in cows. Pages
384-408 in Factors Influencing Fertility in the Postpartum Cow.
Curr. Topics Vet. Med. Anim. Sci. Vol. 20. H. Karg and E. Schal-
lenberger, ed. Martinus Nijhoff Publ., The Hague, The Neth-
erlands.

Thomas, L., J. M. Wallace, R. P. Aitken, J. G. Mercer, P. Trayhurn,
and N. Hoggard. 2001. Circulating leptin during ovine pregnancy
in relation to maternal nutrition, body composition and preg-
nancy outcome. J. Endocrinol. 169:465-476.

Tsuchiya, T., Y. Nagao, A. Ozawa, M. Matsumoto, K. Sugahara, T.
Kubo, and H. Kato. 1998. Decrease of the obese gene expression
in bovine subcutaneous adipose tissue by fasting. Biosci. Biotech-
nol. Biochem. 62:2068-2069.

Vizcarra, J. A., R. P. Wettemann, T. D. Braden, A. M. Turzillo, and T.
M. Nett. 1997. Effect of gonadotropin-releasing hormone (GnRH)
pulse frequency on serum and pituitary concentrations of lutein-

izing hormone and follicle-stimulating hormone, GnRH recep-
tors and messenger ribonucleic acid for gonadotropin subunits
in cows. Endocrinology 138:594-601.

Vizcarra, J. A., R. P. Wettemann, J. C. Spitzer, and D. G. Morrison.
1998. Body condition at parturition and postpartum weight gain
influence luteal activity and concentrations of glucose, insulin,
and nonesterified fatty acids in plasma of primiparous beef cows.
J. Anim. Sci. 76:927-936.

Wagner, J. J., K. S. Lusby, J. W. Oltjen, J. Rakestraw, R. P. Wette-
mann, and L. E. Walters. 1988. Carcass composition in mature
Hereford cows: Estimation and effect on daily metabolizable
energy requirement during winter. J. Anim. Sci. 66:603—612.

Walters, D. L., C. C. Kaltenbach, T. G. Dunn, and R. E. Short. 1982.
Pituitary and ovarian function in postpartum beef cows. II. In-
duction of estrus, ovulation and luteal function with intermittent
small-dose injections of GnRH. Biol. Reprod. 26:640—-646.

Werth, L. A., J. C. Whittier, S. M. Azzam, G. H. Deutscher, and J.
E. Kinder. 1996. Relationship between circulating progesterone
and conception at the first postpartum estrus in young primipa-
rous beef cows. J. Anim. Sci. 74:616-619.

Wettemann, R. P. 1980. Postpartum endocrine function of cattle,
sheep and swine. J. Anim. Sci. 51(Suppl. 2):2-14.

Wettemann, R. P., T. W. Beck, E. J. Turman, and R. L. Hintz. 1982.
Endocrine response of postpartum anestrous beef cows to GnRH
or PMSG. Theriogenology 18:599-613.

Wettemann R. P. and I. Bossis. 2000. Nutritional regulation of ovar-
ian function in beef cattle. J. Anim. Sci. Available: http:/www.
asas.org/jas/symposia/proceedings/0934.pdf. Accessed 2000.

White, F. J., C. A. Lents, L. N. Floyd, L. J. Spicer, and R. P. Wette-
mann. 2000. Acute nutritional restriction alters endocrine func-
tion and causes anovulation in beef heifers. J. Anim. Sci.
78(Suppl. 1):222.

Williams, G. L. 1990. Suckling as a regulator of postpartum rebreed-
ing in cattle: A review. J. Anim. Sci. 68:831-852.

Wiltbank, J. N., W. W. Rowden, J. E. Ingalls, K. E. Gregory, and R. M.
Koch. 1962. Effect of energy level on reproductive performance
phenomena on mature Hereford cows. J. Anim. Sci. 21:219-225.

Yelich, J. V., R. P. Wettemann, T. T. Marston, and L. J. Spicer. 1996.
Luteinizing hormone, growth hormone, insulin-like growth fac-
tor-I, insulin and metabolites before puberty in heifers fed to
gain at two rates. Domest. Anim. Endocrinol. 13:325-338.

Yoshioka, K., C. Suzuki, S. Arai, S. Iwamura, and H. Hirose. 2001.
Gonadotropin-releasing hormone in third ventricular cerebro-
spinal fluid of the heifer during the estrous cycle. Biol. Reprod.
64:563-570.

Yuan, W., B. Bao, H. A. Garverick, R. S. Youngquist, and M. C. Lucy.
1998. Follicular dominance in cattle is associated with divergent
patterns of ovarian gene expression for insulin-like growth factor
(IGF)-I, IGF-II, and IGF binding protein-2 in dominant and
subordinate follicles. Domest. Anim. Endocrinol. 15:55-63.

Zieba, D. A., M. Amstalden, M. N. Maciel, D. H. Keisler, N. Raver,
A. Gertler, and G. L. Williams. 2002. Dose-related effects of
recombinant ovine leptin on luteinizing hormone secretion after
short-term fasting in cows. Biol. Reprod. 66:281 (Abstr).

Zhou, J., T. R. Kumar, M. M. Matzuk, and C. Bondy. 1997. Insulin-
like growth factor I regulates gonadotropin responsiveness in
the murine ovary. Mol. Endocrinol. 11:1924-1933.



Controlling variation in feed intake through bunk management
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ABSTRACT: The desire to control variation in daily
feed intake by feedlot cattle stems from the obvious
concern that a significant aberration in grain intake
can lead to clinical acidosis or death. Although less
dramatic, aberrations also occur when cattle have un-
restricted access to feed. A cyclic pattern of higher and
lower daily DMI can cause gain efficiency to be less than
that predicted from the mean DMI because responses in
ADG to changes in DMI are not linear. If bunk manage-
ment is a means of ameliorating either of these events,
it is presumed that management ascribed to the pen is
affecting variability in daily DMI by individuals within
the pen. Two likely mechanisms by which bunk man-
agement may affect intake patterns are limiting avail-
ability of feed to prevent overconsumption events or
affecting animal behavior so that daily intake is more
consistent. Bunk management approaches that have
been evaluated for their effect on production rates, and
in some instances on day-to-day variability in DMI,
include: 1) limiting the quantity of feed available or the
amount of time feed is available each day; 2) the timing

and frequency of feed deliveries; 3) linear bunk space
allocation; and 4) mixed diet or segregated ingredient
feeding. When bunk management approaches alter re-
sponses, it may be that the approach has a direct biolog-
ical and/or behavioral effect on the animal or that the
approach itself involves less variation, which is conse-
quently favorable to the animal (or the data). The
causes of variable results in bunk management re-
search can be ambiguous. Management and feeding
systems are difficult to standardize, which can cause
the definitions of controls, the characterizations of
treatments, and the context of responses to be incon-
sistent. A rudimentary limitation is that in systems
where individual daily DMI is known, competition for
access to feed is usually not comparable to typical pen
feeding. There is evidence of favorable responses to
some bunk management approaches that could be used
commercially. Effects on production efficiency in these
studies are of significant biological and economic impor-
tance, and underlying mechanisms must be more fully
characterized to allow broad application.

Key Words: Cattle, Feed Intake, Feedlots, Management
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Introduction

Bunk management is generally thought of as the ap-
proach to feed deliveries for confined cattle. It should
probably be considered a more encompassing process
that includes feed batching and delivery in contexts of
quality, quantity, and time. Bunk management has to
be dynamic in response to type of diet, class of cattle,
changes in climatic conditions, and bunk space alloca-
tions. Research on many aspects of bunk management
is extremely difficult, if not impossible, to conduct with-
out experiencing confounding or bias. These limitations
bring to the forefront Wolfe’s (1991) Third Law of Ther-
modynamics, which states “the emotion generated in
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scientific discussion increases proportionally with the
softness of the data”.

The simplistic title of this manuscript is fraught with
ambiguities. Intake variation can be an issue on a pen
basis or on an individual basis. It is unclear to what
extent, and in what ways the two are related. The link
in a cause and effect relationship to inefficiency, mor-
bidity, or mortality exists only in extreme instances.
Finally, in a feedlot setting, we are inclined to refer to
feed delivered as feed intake without providing evi-
dence that all feed offered was consumed on that day.

The overwhelming consideration of bunk manage-
ment is control of clinical and subclinical metabolic dis-
orders. In spite of our improved capabilities to weigh
and mix properly proportioned diets, grain overloads
do occur. Digestive disorders are a leading cause of
death in feedlot cattle (USDA, 2000). Subclinical and
clinical acidosis reduce gain efficiency, cause liver ab-
scesses, and ruminitis (Owens et al., 1996). The ques-
tion at hand is whether bunk management can reduce
variability in feed intake and ameliorate these mala-

E133



E134

dies. To evaluate this, we will break down bunk man-
agement into component parts and examine their in-
fluence on cattle performance.

Overview

Interest in bunk management is not new. Henry and
Morrison (1928) included a chapter (Counsel in the
Feedlot) that represented three enduring points regard-
ing bunk management. The first point is “Many an
experienced stockman can carry steers through the fat-
tening period without once getting them ‘off feed,” but
yet cannot well describe to others just why he/she is so
successful.” This is not necessarily a lack of communica-
tion skills. We typically describe things by contrast:
more, bigger, shorter, longer. Consistent feeding is es-
sentially unremarkable and consequently difficult to
describe.

The second and third points in this chapter were in
turn quoted from Mumford’s Beef Production (1907).
“As soon as the fattening process begins, the 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. . ..” We interpret
this to mean that beef cattle, like dairy cows, are crea-
tures of habit. If behavior can be modified favorably by
cultivating and respecting good habits, the potential
exists to improve performance. Hungate (1966) likened
the rumen to a continuous culture fermentor and dis-
cussed in detail how diet, eating, rumination, and diges-
tive tract function coordinate to achieve this steady-
state condition. The consistent management steps ad-
vocated by Mumford may complement this expectation.

The final point, again attributed to Mumford (1907),
is that “Scouring, the bane of the stockfeeder, should
be carefully avoided since a single day’s laxness may
cut off a week’s gain. The trouble is generally brought
on by overfeeding, by unwholesome feed, or by a faulty
ration. Overfeeding comes from a desire of the atten-
dant to push cattle to better gains or from carelessness
or irregularity in measuring out the feed supply. The
ideal stockman has a quick discernment. . . which
guides the hand in dealing out feed ample for the wants
of all but not a pound in excess.” Here Mumford has
described weaknesses in human nature that persist as
a critical element of bunk management today. It also
seems that Mumford advocated a clean bunk feeding
strategy, where no feed should be carried over from one
feeding to the next.

Feeding vs. Eating

A dichotomy exists between the motivation behind
the cattle feeder’s bunk management decisions and mo-
tivation of cattle to eat. Feedlot management has to
be concerned with the capability to manufacture and
deliver sufficient quantities of feed in a timely fashion.
Bunk volume allocation per animal may be limited.
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Combined, these constraints may force management to
plan two to four feed deliveries per pen, per day. Inher-
ent in multiple feedings are the advantages that feed
delivery errors or weather interruptions are reduced to
some degree for each multiple of feed deliveries per day.

Cattle eating behavior is driven by a loss of the satiety
signals that suppress hunger. Cattle consume most feed
near sunrise and especially around sunset (Stricklin
and Kautz-Scanavy, 1984). Short winter days in north-
ern latitudes promote more nighttime eating, and high
effective ambient temperatures can reduce mid-day and
daily DMI (Hahn, 1999). When observing eating behav-
ior by adapted cattle in a commercial feedlot, Hicks et
al. (1989) reported that 7.5 to 20% of cattle might not
be observed eating in a 24-h period. It is unclear
whether this was caused by digestive disorder or is an
inherent eating behavior trait. Cattle not observed to
be eating were not identified as morbid.

Hickman et al. (2002) noted fluctuations in day-to-
day DMI with a new system for monitoring feed intake
by individuals in a group-fed environment. The feed
intake pattern variability was not compressed in faster-
growing or more efficient steers. They did not report
any episodes of inappetence in that research. Day-to-
day fluctuations in DMI are not surprising when consid-
ering that the short term feed intake regulation mecha-
nism in cattle was evolved to support relatively high
roughage diets. This research does cloud the issue of
how/when aberrations in DMI can lead to clinical or
subclinical acidosis.

Cattle eating behavior is also driven by nonbiological
signals. Like Pavlov’s dogs, cattle may learn to come
to the feed truck. They acquire aversions to feeds
(Provenza, 1996), and they respond to changes in the
weather. These intuitive and learned responses may
interact with signals provided by bunk management in
favorable or unfavorable ways. Ample feed, available
on a consistent schedule may indeed reduce aggression
at feeding time, and that may improve production. Un-
fortunately, data are limited on this subject.

Feed Delivery Management Approaches

Limit-fed high-concentrate diets involve a substan-
tial restriction of feed allocation relative to expected
DMI. Cattle performance can be predictable. When bias
occurs, it is likely that cattle are more efficient than
modeled predictions (Loerch and Fluharty, 1998). When
cattle are fed at 75 to 80% of expected DMI, prehension
is rapid, and cattle do not sort through feed. Amounts
fed are constant from day to day, and this system would
accommodate a consistent feed delivery schedule.

Programmed or restricted feeding systems involve
lesser restrictions of feed deliveries, perhaps at 5 to
10% less than expected DMI. As in limit feeding, cattle
can be expected to remove all feed from bunks relatively
quickly, leaving bunks empty much of the day. Growth
rate is predictable and gain efficiency is sometimes im-
proved over full-fed cattle (Plegge, 1986). Feeding at
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this level likely meets the criteria of ample feed for all,
but with no excess. This method eliminates the human
factor of the inclination to overfeed the cattle. When
improved gain efficiency is observed, it is not possible
to discern whether it is brought about by affecting di-
gestibility of the diet, ruminal methane production, or
reduced variability in feed deliveries (Zinn, 1995).

Clean-bunk management systems attempt to allow
cattle to achieve long-term average DMI that will meet
or exceed that of cattle fed ad libitum. The caveat that
distinguishes clean bunk from ad libitum management
is that in clean-bunk systems, it is expected that the
bunks will contain no carryover feed at a specified time
each day. This approach, with its many possible varia-
tions, has become a common practice in the major cattle
feeding regions of the United States. This system, how-
ever, is susceptible to errors of judgment regarding feed-
ing quantities. It may be more susceptible to time varia-
tions. By virtue of the high intake level, the effects of
errors in quality or quantity of feed delivered may be
more acute.

True ad libitum feeding can be achieved using feed
bunks or self-feeders. The intent is to allow unrestricted
access to feed at all times. Self-feeders cannot accommo-
date high-moisture feeds and usually can accommodate
only low levels of small-particle-size roughages. Feed-
ing schedules and variable feed deliveries presumably
are not components of these systems. The animal has
absolute control of daily feed consumption. It has not
been proven that ad libitum access to high-grain diets
results in higher DMI than that which occurs with
clean-bunk management systems.

We can evaluate the bunk management systems for
their application with the constraints set forth earlier.
Limit feeding and restricted/programmed feeding allow
management to be consistent in quantities of feed deliv-
ered and to not overfeed cattle. The cyclic feed delivery
patterns described by Fulton et al. (1979) are avoided.
Finite feed deliveries and competition for this feed
among contemporaries dictates the upper limits of daily
DMI by individuals. There is a compressed window of
feed availability. Sorting is not likely under these condi-
tions. Excess feed is not available to allow binge eating,
if indeed this is the root of acidosis problems in feedlot
cattle. Variability in DMI must occur at less than a
critical level since growth rates are predictable and
gain is efficient (Sip and Pritchard, 1991; Loerch and
Fluharty, 1998). Furthermore, the literature does not
make reference to an inordinate frequency of digestive
disorders associated with these prescriptive feeding
programs. By definition, restricted feeding has a bias
that may not allow cattle to demonstrate maximal
growth rates. Restricted feeding may cause reductions
in carcass quality (Pritchard, 1995). By virtue of their
systematic approach, these programs may cultivate fa-
vorable learned eating responses in cattle.

Ad libitum feeding provides feeds in excess. As a con-
sequence, binge feeding cannot be curbed. In dairy sys-
tems that allow continuous access to feed, feed tossing

E135

113
4
2
= 9.1 Y
s
z 6.8 ||
)
<=
T 45
&
23l
A [ Fiota =moB ]

P PP i PN T i i i .
1 11 21 31 41 51
Days on Feed

Figure 1. Feed deliveries expressed as dry matter per
animal daily for representative pens. Lot A was offered
ad libitum access to feed; Lot B was fed using a clean-
bunk management system.

is a common problem (Albright, 1993). This behavior is
also observed in feedlots and strongly suggests that
sorting is a concern since feed tossing causes diet sepa-
ration. Atwood et al. (2001) showed that cattle vary in
their feed preferences and that an individual’s prefer-
ences may change over time. Selective eating could alter
diets of individuals doing the sorting/selection, as well
as those left with access to their refusals. The potential
for sorted diets to affect gain efficiency is obvious when
considering the large disparity of nutrients and energy
density of individual ingredients included in a diet.

The short-term intake regulation mechanisms em-
ployed by cattle are not conducive to concentrate feed-
ing (Preston, 1995a). The mechanism by which cattle
learn to regulate grain intake on low/no roughage diets
provided in self-feeders is unclear. A better understand-
ing of this situation may aid other types of feed-delivery
management. These self-fed cattle may indeed learn to
reduce intake or meal sizes to avoid the discomfort of
indigestion. Alternatively, they may develop an aver-
sion to the diet. In spite of this aversion, hunger is a
force strong enough to cause them to eat. Having no
substitute feeds available, intake may reflect the bal-
ance of hunger and aversion. Perhaps it is a combina-
tion of these concepts that allows cattle to avoid a lethal
meal size.

Fluctuating Feed Deliveries

We had occasion to feed a common set of steers either
ad libitum or in a clean bunk system. Feed deliveries for
a 56 d period for two representative pens are depicted in
Figure 1. These two feeding programs ran concurrently,
but were managed by different individuals in separate
facilities. In such a comparison, the gambit of factors
contributing to bunk management occur (timing,
batching, etc.) and there could be facility influences on
performance. For the pooled replicates of pens (n = 5),
there was no effect on DMI (9.18 vs. 8.95 kg; P > 0.10),
but ADG was reduced (0.94 vs. 1.71 kg; P < 0.05) and
feed:gain ratio was increased (9.58 vs. 5.35; P < 0.05)
by ad libitum feeding. It should be noted that DMI in



E136

this study was DM delivered to the pens. Feed wastage
becomes a part of the problem of lost efficiency in these
data, just as it occurs in commercial feeding operations.

More controlled influences on feed delivery have been
tested. Galyean et al. (1992) used programmed feeding
to assure steady delivery of feed to control steers. They
then introduced feed delivery fluctuations of 10% from
controls either daily or weekly. Weekly fluctuations did
not affect cattle performance. Daily fluctuations caused
a6.5% reduction in ADG (P <0.10) and a 7% increase in
feed:gain (P <0.10). Most of the performance difference
occurred in the initial 56 d of the 84-d study. These
were heavy feeder cattle with previous bunk experience
and may have been challenged to adjust to the fluctuat-
ing feed deliveries implemented at the onset of the trial.

In a similarly designed experiment, Zinn (1994) found
no difference in cattle performance attributable to fluc-
tuating deliveries. Holstein steers were on feed for 138
d and controls were program-fed to gain 1.1 kg/d. The
lack of an effect of daily 20% feed fluctuations may have
been because the extended time on feed could dilute
out early effects (interim data were not reported). Also,
the control cattle were fed to achieve a relatively low
growth rate. Applying fluctuations at this level of pro-
duction may not have constituted a metabolic challenge
to the rumen or to the steers.

Cooper et al. (1998) applied feed delivery fluctuations
of +0.91 kg daily from control steers. Unlike the two
previous examples of restricted feed deliveries, control
steers in these two experiments were provided feed to
appetite. During the initial 140-d trial, fluctuating de-
liveries caused a 1.7% increase in DMI (P < 0.05), with
no influence on other production variables. In the sec-
ond similar experiment lasting 147 d, performance was
not influenced by feed deliveries.

The feed-delivery patterns depicted in graphs in-
cluded by Cooper et al. (1998) bring to light how we
look at variation. In those trials, the feed deliveries for
the control cattle appeared to deviate as much as 20%
above and below the overall mean daily DMI. The pat-
terns for the controls may be typical, but we have yet
to establish whether those deviations constitute vari-
ability that affects performance. If the typical fluctua-
tions for controls represent sufficient variability to af-
fect performance, the deviations imposed from the con-
trol may not cause further compromises of production
efficiencies. This may be especially true in that the
imposed deviations are consistent and symmetrical, un-
like a cyclic intake pattern.

Bierman and Pritchard (1996) attempted to answer
part of that question by allowing control treatment feed
deliveries to fluctuate as we fed cattle to appetite. The
managed treatment was intended to allow cattle to
achieve expected maximal feed intake, but to not allow
periods of higher than expected DMI. Variation in feed
deliveries to control pens (Figure 2) was quite similar
to that depicted in the first trial of Cooper et al. (1998).
Feed delivery highs and lows were eliminated in the
managed bunk treatment (Figure 2), but it appears that
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Figure 2. Feed deliveries (kg-steer '-d™!) over time for
ad libitum (Ad Lib) and managed delivery (MD)
treatments.

restricted feeding may have been imposed. Intake was
reduced 12% (P < 0.01) by the managed bunk approach
(Table 1) even though there was carryover feed present
in the bunks at 0700 on 40% of the pen days. Feed
carryover occurred in 69% of the pen days for cattle
fed to appetite. Growth rate was not affected by bunk
management. However, ADG became more variable be-
fore d 30 (P <0.05) and after d 85 (P <0.10) when steers
were fed to appetite. Feed efficiency and marbling
scores tended (P < 0.10) to be improved by the more
restrictive bunk management. Gain efficiency was nu-
merically higher early and late in the feeding period
(Figure 3), which corresponds with periods of heteroge-
neity of ADG between treatments. The variable ADG
was caused by a disproportionate increase in steers
with very low ADG (<0.5 kg) when fed to appetite. This

Table 1. Influence of feed delivery management on
steer performance and carcass traits®

Treatment
Item Ad libitum Managed SEM
Initial BW, kg 392 392 3.0
Final BW, kg 604 602 5.4
ADG, kg 1.75 1.74 0.049
DMI, kg’ 11.97 10.69 0.262
Gain:feed, g/kge 145 162 3.6
Clean bunks, %d 40 69 —
Carcass weight, kg 373 373 3.5
Dressing, % 61.8 61.9 0.16
Fat thickness, cm 1.10 1.05 0.038
Marbling®® 5.31 5.67 0.103

#Production variables are reported on a pen basis (n = 5); carcass
variables are reported on individual basis (n = 38); 121 d on feed.

"Means differ (P < 0.10).

“Means differ (P < 0.05).

dPercentage of pen days when no feed was present in bunks at
0700.

€5.0 = small® 6.0 = modest®.
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Figure 3. Interim gain:feed (g/kg) for ad libitum (Ad
Lib) and managed feed deliveries (MD). *Treatment ef-
fects within interim period (P < 0.05). fTreatment effects
within interim period (P < 0.10).

may reflect individuals experiencing acidosis and would
be consistent with responses observed for gain:feed
and marbling.

It seems probable that DMI restrictions can be im-
posed by tightly managed feed deliveries. Production
per unit of input was improved in this study. Rossi et al.
(2001) demonstrated that programming growth early in
the feeding period allows comparable growth rates and
carcass traits to ad libitum-fed steers, but less feed is
required per unit of production.

If the advantages of restricted or programmed feed-
ing are that they prevent unacceptably high feed in-
takes, there may be a simpler approach. Preston
(1995b) described the use of maximal intake limits on
cattle during step-up and finishing phases. The princi-
ple would accommodate most classes of cattle and diets
in that limits are set as multiples of maintenance en-
ergy intake. Feed deliveries are allowed to deviate as
needed for the circumstances at hand, but overfeeding
is avoided by the limits. The limits proposed were 2.1,
2.3, and 2.5 times maintenance DMI for step-up and
2.7 times maintenance DMI for finishing. We have cal-
culated the 2.7 times maintenance value for the latter
periods of the experiment reported by Bierman and
Pritchard (1996) and imposed those levels on the daily
feed delivery graph (Figure 4). Managed deliveries were
coincidentally similar to the 2.7 times maintenance
threshold. In contrast, when cattle were fed to appetite,
feed deliveries frequently spiked well above the maxi-
mal intake limit, but did not increase ADG.

Feeding Schedules-Frequency

When limit-feeding Holsteins once daily in the sum-
mer, Reinhart and Brandt (1994) reported an 18% in-
crease (P < 0.05) in ADG by feeding in evenings rather
than in mornings. In a clean-bunk finishing program,
Pritchard and Knutsen (1995) reported similar DMI,
but higher (P <0.05) ADG and lower (P < 0.05) feed:gain
during the summer—fall seasons when cattle fed once
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Figure 4. Feed deliveries (kg-steer '-d™!) over time for
ad libitum (Ad Lib), managed delivery (MD), and 2.7x
maintenance DMI treatments (2.7x M).

daily received the delivery at 1630 rather than 0730.
The mode(s) of action for this response has not been
elucidated. Thermodynamics may be involved. How
evening feeding influences variation in eating behavior
has not been studied. Pritchard and Knutsen (1995)
indicated that based on within-day changes in BW, di-
urnal fill patterns were altered by the time of feeding.
Mitloehner et al. (1999) reported that evening feeding
has influences on behaviors that may indirectly relate
to variability in feed intake by individuals.

Hanke et al. (1981) saw no advantage to multiple
daily feed deliveries. We (Pritchard and Knutsen, 1995)
have observed that in some, but not all, instances, feed-
ing twice daily results in better gain efficiency than
feeding once daily in the morning. The reason behind
the inconsistent response is unclear. As mentioned pre-
viously, multiple feedings may reduce the magnitude
of feeding errors, and the opportunity for binge feeding
may be reduced as well.

It may be that multiple feeding may better accommo-
date the inherent variability in an individual steer’s
access to feed or the accuracy of its short-term intake
regulation. Soto-Navarro et al. (2000) studied the in-
fluence of once vs. twice daily feeding, with or without
imposed fluctuations in feed delivery on ruminal condi-
tions. Interactions occurred where feeding twice daily
caused numerical increases in the amount of time rumi-
nal pH was below 6.2 (P < 0.10) and in the rate of
acetate production (P < 0.05). Both responses would be
considered liabilities in growing-finishing cattle. How-
ever, when feed deliveries were fluctuated, ruminal con-
ditions became more favorable for steers fed twice daily
than those fed once daily. In group-feeding situations,
variability in feed availability to an individual is inevi-
table. Consequently, multiple feed deliveries may be
beneficial to the ruminal environment although that
has not been specifically tested.
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Implications

Feed delivery management research is fraught with
ambiguities. Feed delivery management can affect pro-
duction efficiency of cattle fed high-grain diets. Al-
though variability in feed delivery, as we assess it in
feeding programs, may not be documenting variability
in intake by individuals within a pen, systems that
achieve more consistent feed deliveries seem beneficial.
Bunk management programs that prevent cyclic intake
patterns and/or overconsumption for pens of steers may
be most beneficial. Both the reference point from which
the magnitude of feed delivery deviations is measured
and the types of deviations that occur are relevant when
assessing variability. To minimize variation, manage-
ment must anticipate physiological and behavioral re-
sponses by cattle to their environment. More research
is needed to develop management programs that mini-
mize digestive disorders and are adaptable to different
diets, cattle, climates, and feeding situations.
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Environmental stress in confined beef cattle!
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ABSTRACT: The performance, health, and well be-
ing of cattle are strongly affected by climate. Almost
annually, heat waves and/or periods of severe winter
weather cause significant losses in one or more regions
of the United States. In the past 10 yr, economic losses
in the feedlot industry alone averaged between $10 mil-
lion to $20 million/year as a result of adverse climatic
conditions. For each animal that dies from climatic
stress, corresponding economic losses approach $5,000
due to mortality and associated live animal perfor-
mance losses. Management systems are needed that
incorporate information and guidelines regarding cattle
responses to weather challenges. Altering the microcli-
mate by providing protection from the environment is
one of the most useful tools to help animals cope with

climatic conditions. For most cattle, facilities and man-
agement programs do not need to eliminate environ-
mental stress completely, but rather minimize the se-
verity of the environmental challenge and aid the ani-
mal in adapting to it. Inexpensive management
alternatives, such as the use of bedding in winter or
sprinklers in summer, need to be considered. When
designing or modifying facilities, it is important that
changes made to minimize impact of the environment
in one season do not result in adverse effects on animals
in another season. For instance, using permanent wind
barriers to minimize cold stress in the winter for feedlot
cattle may require that shade or sprinklers be provided
in the summer to minimize heat stress. In addition to
facility changes, dietary manipulation may be benefi-
cial for cattle challenged by environmental conditions.

Key Words: Beef Cattle, Environment, Feed Intake, Management Alternatives, Stress
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Introduction

Whereas new knowledge about animal responses to
the environment continues to be developed, managing
cattle to reduce the impact of climate remains a chal-
lenge (Hahn, 1995, 1999; Sprott et al., 2001). In particu-
lar, additional environmental management strategies
are needed to guide managers when making decisions
prior to and during periods of adverse weather (Mader,
1986; Mader et al., 1997a; Mader and Davis, 2002). In
1992, 1995, 1997, and 1999, individual feedlots lost in
excess of 100 animals during severe heat episodes. The
heat waves of 1995 and 1999 were particularly severe,
with cattle losses in individual Midwestern states ap-
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proaching 5,000 animals each year (Busby and Loy,
1996; Hahn and Mader, 1997; Hahn et al., 2001). Early
snowstorms in 1992 and 1997 resulted in the loss of over
30,000 head of feedlot cattle each year in the Southern
Plains of the United States. The winter of 1996/1997
also caused hardship for cattle producers because of
greater than normal snowfall and wind with up to 50%
of the newborn calves being lost in many areas, and
over 100,000 head of cattle lost in the Northern Plains
states. In addition to losses in the 1990s, in the winter
of 2000/2001 (Hoelscher, 2001a,b,c), feedlot cattle effi-
ciencies of gain and daily gain decreased approximately
5 and 10%, respectively, from previous years as a result
of late-autumn and early-winter moisture combined
with prolonged cold stress conditions. These recent ex-
amples suggest that rational, cost-effective manage-
ment systems are needed to reduce climate-related
losses in feedlot cattle. Hahn (1999) has previously pro-
vided a detailed review of how the animal responds to
thermal heat loads. This report summarizes results
that support improvements in environmental manage-
ment of cattle cared for in feedlots during both hot and
cold weather. Application of these strategies can be
extended to the cow-calf and stocker cattle segments of
the industry when they are managed in confined areas.
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Table 1. Effect of adding bedding (wheat straw) to
feedlot pen surfaces during winter and spring?

None Bedding SE

Initial weight, kg 293 293 2.7
Final weight, kg 653 655 4.5
Daily DMI, kg

d 0 to 67 6.73 6.63 0.09

d 68 to 172 9.35 9.55 0.11

d 0to 172 8.33 8.41 0.11
ADG, kg

d 0 to 67 1.36 1.41 0.03

d 68 to 172 1.36 1.49 0.01

d 0to 172° 1.36 1.46 0.02
Feed:gain®

d 0 to 67 4.95 (0.202) 4.70 (0.213) 0.14

d 68 to 172" 6.90 (0.145) 6.44 (0.155) 0.06

d 0 to 172° 6.14 (0.163) 5.77 (0.173) 0.09

#Pooled analysis of studies, weighted by the number of pens per
treatment, per trial, conducted by Birkelo and Lounsbery (1992) and
Stanton and Schultz (1996). Approximate harvest dates for cattle
were middle to late May.

"Means differ (P < 0.05).

‘Parenthetical numbers are gain:feed.

Management Strategies

Cold Mitigation Strategies. One of the quickest meth-
ods of minimizing cold stress is to provide insulation
or shelter for the animal. If bedding is used, the added
residue contributes to added waste in the pens. In addi-
tion, if the bedding constitutes a fibrous feed source,
cattle will sometimes consume the bedding instead of
their normal high-energy diet, thereby reducing ME
intake and performance. Nevertheless, a summary of
two trials conducted in South Dakota (Birkelo and
Lounsbery, 1992) and Colorado (Stanton and Schultz,
1996) found that providing approximately 1 kg of straw/
animal daily as bedding during the feeding period im-
proved gains approximately 7% and efficiency of gains
more than 6% (Table 1). The benefits of bedding were
not observed in the early part of these studies, but
rather in the last 90 to 100 d of each study, which
corresponds to the late-winter and early-spring feeding
period. It is during this time that cattle in these studies
were heavier, and the adverse effects of wetter condi-
tions and mud would likely be most prevalent and diffi-
cult for cattle to cope with. In these studies, the eco-
nomic benefit of providing bedding averaged $11/ani-
mal after taking into account bedding cost.

Additional feedlot studies (Mader et al., 1997a), in-
volving both heat and cold challenges, have been con-
ducted to evaluate year-round effects of shelterbelts or
tree wind breaks provided for winter wind protection.
A series of feeding trials were conducted during each
season of a 3-yr period in which cattle were fed in out-
side lots with access to shelter or shelterbelts (tree
windbreak north and northwest of pens) or outside lots
with no access to shelter or a windbreak. Performance
of yearling animals was not improved during the winter
by providing wind protection, possibly because normal
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to slightly better than normal winter feeding conditions
existed during the years that trials were conducted (Ta-
ble 2). Also, providing wind protection or shelter re-
sulted in decreased cattle gains in the summer. How-
ever, cattle fed in the unprotected area did have greater
fat thickness in the winter and greater intramuscular
fat in the winter and autumn than cattle fed in pro-
tected areas. In a follow-up study, performance of heav-
ier steers fed during a 2- to 3-mo feeding period was
severely impaired when protection was not provided in
the winter (Table 3). Data from these studies indicate
that benefits of feeding cattle in sheltered or protected
areas in the winter can be offset by lower performance
experienced by cattle fed in those same areas in the
summer. However, as cattle approach slaughter
weights, the benefits of providing protection from cold
challenge are greatly increased. In addition, fat deposi-
tion was enhanced in cattle exposed to moderate cold
stress and maintained by cattle exposed to more severe
cold stress even though performance was reduced.

Other studies (Mader et al., 2001) were conducted at
the University of Nebraska to evaluate the effect of
diet energy level and/or energy level adjustments on
finishing steer performance. In winter trials, two levels
of alfalfa hay (7.5%, Low and 15%, High) along with
two diet switch feeding regimens (7.5 to 15%, Low-High
and 15 to 7.5% alfalfa hay, High-Low), with the switch
occurring under cold stress conditions, were fed in two
facilities (with and without wind protection). The com-
mon feedlot practice of switching from low- to high-
roughage diets was not found to be beneficial. For cattle
exposed to the greatest cold stress (fed in facilities with-
out wind protection provided), the opposite was found
in that switching from high to low roughage diets ap-
peared to be the most beneficial. The extra ME from
starch would appear to be more beneficial than the
extra heat increment derived from fiber.

Proper feedlot pen layout and design are also crucial
for minimizing effects of adverse climates. Mounds need
to be built into feedlot pens, especially in the Northern
Plains and Western Cornbelt of the United States, to
minimize mud problems during wet periods and en-
hance airflow during hot periods. Proper design and
strategic use of windbreaks is also warranted. Mader
et al. (1997a) found that feedlot cattle do not necessarily
need wind protection in moderate winters; however, if
wind protection is provided, it is best to place it outside
the pen to prevent excessive drifting of snow into the
pens. Windbreaks will provide protection downwind to
adistance of 5 to 10 times their height. Tree shelterbelts
should be a minimum of 25 m from fence lines, whereas
other forms of protection, mainly temporary, can be set
closer. If a windbreak is located very near pens, it
should have 10 to 20% open space to allow some air
movement through the windbreak to prevent excessive
drifting in front of the shelter, which adds to snow
buildup and moisture in pens. If possible, having any
wind protection near cattle in the summer should be
avoided.
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Table 2. Effect of facility and season on feedlot steers (3-yr summary)

Facility®
Variable oS SP NP SEM Season mean
ADG, kg
Winter 1.40 1.44 1.47 0.03 1.42 + 0.02"
Spring 1.51 1.50 1.47 0.02 1.50 + 0.02°
Summer 1.37* 1.34f 1.48¢ 0.04 1.40 + 0.02°
Autumn 1.40 1.42 1.42 0.04 1.44 + 0.02
Facility mean 1.43 1.43 1.46 0.02
Daily DMI, kg
Winter 9.68 9.50 9.77 0.10 9.68 + 0.11¢
Spring 9.02 8.88 8.94 0.10 8.97 + 0.09
Summer 10.16 10.00 10.38 0.15 10.15 + 0.10¢
Autumn 10.53 10.60 10.48 0.18 10.65 + 0.11°
Facility mean 9.88 9.78 9.93 0.09
DMI, percentage of BW
Winter 2.22 2.17 2.22 0.02 2.21 + 0.02°
Spring 2.21 2.18 2.20 0.02 2.19 = 0.02°
Summer 2.20 2.14 2.21 0.03 2.18 + 0.02°
Autumn 2.33 2.33 2.33 0.04 2.35 + 0.02¢
Facility mean 2.24 2.21 2.24 0.02
Feed:gain
Winter 6.97 6.66 6.77 0.13 6.90 + 0.12¢
Spring 5.99 5.93 6.10 0.09 6.01 + 0.10
Summer 7.43 7.52 7.04 0.19 7.32 + 0.10¢
Autumn 7.58 7.52 7.39 0.24 7.45 + 0.12¢
Facility mean 6.99 6.92 6.85 0.10
Fat thickness, cm
Winter 1.38" 1.37" 1.62! 0.06 1.43 + 0.04¢
Spring 1.40 1.44 1.50 0.04 1.45 + 0.03¢
Summer 1.09 1.03 1.09 0.05 1.07 + 0.03"
Autumn 1.29 1.15 1.24 0.06 1.23 + 0.04°
Facility mean 1.29M 1.24" 1.35! 0.03
Marbling score’
Winter 5.540 5.45" 5.821 0.08 5.59 + 0.07¢
Spring 5.41 5.37 5.38 0.07 5.36 + 0.05"
Summer 5.35 5.30 5.55 0.09 5.39 + 0.06™
Autumn 5.41f 5.41f 5.67¢ 0.09 5.54 + 0.07<
Facility mean 5.42" 5.38" 5.60! 0.05
Quality gradek
Winter 7.20M 7.13" 7.30' 0.04 7.20 + 0.03¢
Spring 7.13 7.12 7.11 0.03 7.11 + 0.02°
Summer 7.10% 7.06f 7.18¢ 0.04 7.11 + 0.02°
Autumn 7.08" 7.06" 7.241 0.04 7.16 + 0.03>
Facility mean 7.13" 7.09" 7.211 0.02

20P = overhead shelter enclosed on the north side; SP = shelterbelt to north and northwest; NP = no wind
protection.

bedeSeasonal means within a column bearing different superscripts differ (P < 0.05).

f’g‘FaCility means within a row bearing different superscripts differ (P < 0.10).

hiFacility means within a row bearing different superscripts differ (P < 0.05).

14,5 = average slight; 5.5 = average small.

k6.5 = average select; 7.5 = average choice.

Heat Mitigation Strategies. In restricted-feeding stud-
ies, Mader, et al. (1999b) housed feedlot steers under
thermoneutral or hot environmental conditions. Steers
were offered a 6% roughage finishing diet ad libitum
(HE), offered the same diet restricted to 85 to 90% of
ad libitum DMI levels (RE), or offered a 28% roughage
diet ad libitum (HR). Steers fed the HR diet tended to
have lower respiratory rates and significantly lower
body temperatures under hot conditions than HE- and
RE-fed steers, whereas RE-fed steers had significantly

lower body temperature than HE-fed steers (Figure 1).
The lower body temperature of the HR- and RE-fed
steers would indicate that ME intake prior to exposure
to excessive heat load influences the ability of cattle to
cope with the challenge of hot environments and that
lowering ME intake can lower body temperature.

In regard to the use of restricted or managed feeding
programs, Galyean (1999) provided an excellent review
of concepts and research. Benefits of using restricted-
feeding programs under hot conditions have been re-



Environmental stress in beef cattle

E113

Table 3. Effect of winter weather stress and harvest date on short-fed feedlot steers®

Windbreak (WB)

No wind protection (NWB)

Item Heavy Light Mean Heavy Light Mean SE
Initial weight, kg® 475 432 454 480 441 460 2
Final weight, kg™ 533 542 537 515 528 521 5
Days on feed 51 86 69 51 86 69

ADG, kg 1.12 1.28 1.20 0.69 1.01 0.85 0.07
Daily DMI, kg’ 10.39 9.54 9.97 9.98 9.45 9.72 0.14
Feed:gain®® 9.30 (0.108) 7.44 (0.134) 8.37 (0.120) 14.76 (0.68) 9.41 (0.106) 12.09 (0.085) 0.73
Fat thickness, cm 0.97 0.97 0.97 0.94 0.99 0.97 0.04
Quality grade® 7.02 7.31 7.16 7.08 7.25 7.17 0.03
Yield grade 2.3 2.2 2.3 2.3 2.3 2.3 0.1

#Harvest dates were January 28 and March 3 for the heavy and
location; heavy, light, mean = weight group.

PHeavy vs. light group (P < 0.10).

‘WB vs. NWB (P < 0.10).

dDetermined from hot carcass weight divided by 0.62.

“Parenthetical numbers represent gain:feed.

f6.5 = average select; 7.5 = average choice.

ported by Mader et al. (2002). In addition, Reinhardt
and Brandt (1994) found the use of restricted feeding
programs to be particularly effective when cattle were
fed in the late afternoon or evening vs. morning. Imple-
menting a bunk management regimen, whereby bunks
are kept empty for 4 to 6 h during the daytime hours
could be used to minimize peak metabolic heat load
occurring simultaneously to peak climatic heat load.
Even though this forces the cattle to eat in the evening,
it does not appear to increase night-time body tempera-
ture (Davis et al., 2002) provided bunks are kept empty
a few hours prior to feeding. Although slight feed intake
reductions can occur with bunk management programs,
particularly when they are first implemented, benefits
of both bunk management and restricted-feeding pro-
grams are observed for several days after cattle are
moved to a normal feeding program (Figure 2).

In addition to altering feeding regimen, sprinkling
can be effective in minimizing heat stress. Benefits of
sprinkling tend to be enhanced if sprinkling is started
in the morning, prior to cattle getting hot (Figure 3;
Davis et al., 2002). These data also show significant
benefits to sprinkling or wetting pen surfaces. Sprin-
kling of pen surfaces may be as much or more beneficial
than sprinkling the cattle. Kelly et al. (1950) reported
feedlot ground surface temperatures in excess of 65°C
by 1400 in Southern California. Cooling the surface
would appear to provide a heat sink for cattle to dissi-
pate body heat, thus allowing cattle to better adapt to
environmental conditions vs. adapting to being wetted.
Wetting or sprinkling can have adverse effects, particu-
larly when the cattle get acclimated to being wet and
failed or incomplete sprinkling occurs during subse-
quent hot days (Davis, 2001).

Shade also has been found to be beneficial for feedlot
cattle exposed to hot climatic conditions; however, in
research conducted in northeast Nebraska (Mader et
al., 1999a), positive benefits occurred only in the early
portion of the feeding period and only in cattle with

light groups, respectively. Windbreak and no wind protection = feedlot

wind barriers provided. In this study, three summer-
time trials were conducted over consecutive years.
Shaded and unshaded cattle were fed in pens with or
without wind protection provided. Performance was
similar for shaded and unshaded cattle fed in the facil-
ity without wind barriers provided; some benefit to
shade was found in facilities that had wind barriers
provided. In general, the response to shade occurred
within the first 56 d of the feeding period, even though
shade use tended to increase with time cattle were on
feed. This suggests that cattle must adapt to shade or
social order around and under shade before optimal
shade use occurs. Although no heat-related cattle
deaths occurred in this study (Mader et al., 1999a),
these results suggest that shade improves performance
in the summer when cattle are fed in facilities that
restrict airflow and for cattle that have not become
acclimated to hot conditions. Once cattle are acclimated
or hot conditions subside, compensation by unshaded
cattle offsets much of the benefits of providing shade.

Benefits of using shade would most likely be found in
areas with greater temperature and/or solar radiation
(Figure 4; Hahn et al., 2001). More consistent benefits
of using shade would likely occur the further south
cattle are in the United States. Mitlohner et al. (2001)
found excellent results to providing shade for cattle fed
near Lubbock, TX. The overall economic benefit of using
shade depends not only on location, but also on cost of
structures and maintenance. Also, heat stress is depen-
dent not only on temperature and solar radiation, but
also on humidity and wind speed. Adjustments for hu-
midity can be made by using the temperature-humidity
index (NOAA, 1976; Hubbard et al., 1999), which has
been adapted for use in the livestock safety index (Live-
stock Conservation Institute, 1970). Adjustments for
solar radiation and wind speed have also been devel-
oped and need to be considered for when predicting
heat stress (Davis, 2001).
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In contrast to hot environment results, when cattle
were exposed to cold conditions at or below thermoneu-
tral levels, feeding higher-energy diets tended to en-
hance cattle performance when compared with feeding
higher-roughage (lower energy) diets (Mader et al.,

Mader

2001). An elevated metabolic rate is indicative of meta-
bolic adaptation to cold stress. Thus, a need exists for
greater ME intake in the winter to minimize cold stress,
whereas in a hot environment, animals must dissipate
metabolic heat when there is a reduced thermal gradi-
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Figure 1. Body temperature (BT) of cattle exposed to thermoneutral (TNL) or hot (HOT) environments and fed a
6% roughage, high-energy diet ad libitum (HE) or restricted to 90% of ad libitum (RE) or fed ad libitum a 28%
roughage diet (HR). Standard error = 0.1. Figure was derived from Mader et al. (1999b).
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Figure 2. Carryover of previous nutritional regimen on tympanic temperature (TT) of steers during severe heat
stress conditions (mean daily temperature-humidity index > 77). At the time these TT were obtained, all steers had
been fed ad libitum. Treatments had been imposed for a 23-d period, which had ended approximately one week prior
to taking TT. The treatments were as follows: ADLIB steers had been fed ad libitum at 0800; bunk management
(BKMGT) steers had been fed at 1600 with bunks empty at 0800; and limit-fed (LIMFD) steers had been fed 85% of
predicted ad libitum intake at 1600. *’Means within a time with unlike superscripts differ (P < 0.05).

ent between the body core and the environment. The
higher-producing animals, which consume more feed,
thereby creating more metabolic heat, would appear to
be more susceptible to heat stress. In addition, evapora-
tion of moisture from the skin surface (sweating) or
respiratory tract (panting) is the primary mechanism
used by the animals to lose excess body heat in a hot
environment. Under these conditions, waterer space
available and water intake per animal becomes very
important. During heat episodes, Mader et al. (1997b)
found that as much as three times the normal waterer
space (7.5 vs. 2.5 cm of linear space per animal) may
be needed to allow for sufficient room for all animals
to access and benefit from available water.

Intake and Net Energy for
Maintenance Requirement Considerations

Although management strategies can be imple-
mented to buffer the animal against adverse environ-
mental conditions, the primary factors limiting the pre-
cision of predicting performance is our ability to predict
DMI (Hicks, et al., 1990). Additionally, a key component
of performance is our ability to predict NE,, require-
ments of cattle, particularly when they are exposed to
adverse climatic conditions.

The effects of ambient temperature (T) on DMI, as
described in the NRC (1996), are based on incremental
change in T with adjustments ranging from a 16% in-
crease for T between -15°C and -5°C to —35% for T >
35°C and no night cooling taking place. Although large
variation exists among cattle relative to the effect of T
on DMI, the general relationships can be determined.
Separate hot- and cold-condition DMI curves can be
defined from existing databases (Table 4). In addition,
a polynomial equation can be determined that fits a full
range of T (Table 4, Figure 5). However, the influence
of no nighttime cooling on DMI is not completely ac-
counted for in this equation. Frank et al. (2001) derived
an algorithm that assumes the average effects of T on
DMI at T > 24°C were in between those observed with
and without night cooling. The percentage change in
DMI was equal to

(1 - {(T - 24) x [0.01 + 0.0015 x (T — 24)]}) x 100

At an average T of 40°C, this equation would predict
DMI to be approximately 50% of normal in feedlot cat-
tle, which is a very likely scenario; however, it may not
be the case for all cattle in general.

To better account for effects of no nighttime cooling
mentioned in NRC (1996), the negative effects of rela-



El16 Mader
41.0
—&— CON
—a— AM
- 4- PM
40.5
40.0
@]
=)
<
St
g
= 395
-3
2,
]
>
= a
\Ta
ab‘l
b ab
b
b
3800 T +r _+r~ ——+ T 7 * * /71 * 77T Trr0D— T T r 17T/ 1T T T 1
S @ QR R O R T T T TN
NIFOIROERN SRS IR IRSIE I OISR IR IR O ERNSRO NN NIENSEN NN
FIPTHTIT T FTLITLETITIIT NN A OSE S
Time of day, h

Figure 3. Tympanic temperatures of steers during severe heat stress (mean daily temperature-humidity index >
77). No water was applied to control (CON) mounds, versus mounds were sprinkled between 1000 and 1200 (AM)
and 1400 and 1600 (PM), respectively. **Means within a time with unlike superscripts differ (P < 0.05).

tive humidity (RH) on the evaporative cooling process
need to be considered. The ability of cattle to lose body
heat (cool down) at night is dependent not only on T,
but also on atmospheric moisture levels, or more spe-
cifically, RH, at night. Generally, RH is lower during
daytime hours, but reach maxima when nighttime tem-
peratures are typically the lowest, between 0400 and
0800 (Davis, 2001). Cattle feeding areas in the Southern

>700

Figure 4. Areas of the mainland United States having
selected categories of yearly hours above 85°F (Hahn et
al., 2001). Areas >700 h would likely benefit the most
from shade.

Plains (AZ, NM, Western TX) often have high T during
the day, but can cool more and quicker at night due to
the low RH, whereas cattle fed in the Western Cornbelt
can be subjected to more heat stress as a result of high
RH even though actual average temperatures may be
less than those found in the southern Plains.

The temperature-humidity index (THI) was devel-
oped to adjust effects of T for RH. Under hot conditions,
assuming thermoneutral conditions range between 15
and 25°C (NRC, 1996), a separate equation (Table 4)
can be used to describe effects of THI on DMI. Using
the THI equation more effectively accounts for the
nighttime cooling effects on DMI. In addition, an in-
crease in NE,, requirements is found in cattle exposed
to hot conditions. The NE,, increase is largely depen-
dent on the level and intensity of panting (NRC, 1981,
1996). However, NE,, requirements under hot condi-
tions are also dependent on body condition. Cattle with
greater body condition begin displaying signs of heat
stress sooner than those with less body condition. By
combining data reported in NRC (1981) and Davis
(2001), an adjustment for body condition score can be
incorporated into a NE,, requirement (Table 4), based
on THI. In this analysis, it is assumed that the BCS
of cattle in previously reported studies (NRC, 1981)
averaged 5 (scale of 1 to 9).

In contrast to developed algorithms shown in Table
4 and Figure 5, DMI data shown in Table 2 indicates



Environmental stress in beef cattle

Table 4. Regression of temperature (T), temperature humidity index (THI), and body

condition score (BCS) on percentage change in feedlot
cattle DMI and NE,, requirement?

Response variable

and independent variable Regression coefficient (SE) R?
DMI (T < 16°C)
Intercept 5.1 (0.127)** 0.999
T -0.15 (0.016)*
T xT -0.0019 (0.00077)
TxTxT -0.00054 (0.000048)*
DMI (T > 24°C)
Intercept -33.0 (27.38) 0.997
T 3.65 (1.759)
T xT -0.0948 (0.0276)
DMI (Full T Range) 0.998
Intercept 4.65 (0.233)**
T -0.080 (0.0187)**
T xT 0.00551 (0.000835)**
TxTxT -0.00047 (0.000035)**
TxTxTxT -0.0000043 (0.0000006)**
TxTxTxTxT -0.000000059 (0.00000002)**
DMI (THI > 70)
Intercept -229.74 (105.472) 0.997
THI 7.2125 (2.63341)
THI x THI -0.0561 (0.016341)
NEm (THI > 65 and BCS > 5)
Intercept -64.94 (3.673)** 0.994
THI 0.905 (0.034)**
BCS 1.21 (0.41)**
ATHI = (0.8 x T) + [(% relative humidity/100) x (T — 14.3)] + 46.4.
*P < 0.10.
#*P < 0.05.
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Figure 5. Graphical representation of the effects of temperature (T) on DMI, based on equations defining separate
curves for 16°C > T > 24°C (HOT/COLD), a best fit 5° polynomial curve, and base value data points.
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nonexistent differential intakes between summer- vs.
winter-fed cattle. However, Kreikemeier and Mader
(2002) reported over 20% greater DMI in winter vs.
summer feedlot feeding studies. As indicated pre-
viously, large variation in DMI can exist in feedlot cat-
tle. Seasonal patterns are likely dependent on normal
vs. abnormal environmental conditions, as well as vari-
ations in these conditions. Short-term, sharp declines
in DMI may be observed more often in the winter than
in the summer due to the effects of winter storms that
often accompany changing ambient temperatures
(NRC, 1987). Lower DMI in the winter could be attrib-
uted to decreases in effective pen or bunk space due
to pen conditions and/or negative social interactions
among cattle. In addition, energy-dense diets provided
to feedlot cattle and associated acidic end-products of
fermentation are also factors limiting DMI (NRC,
1987). Increases in DMI brought on by cold stress, for
instance, may be limited unless diet soluble starch con-
tent is reduced.

Implications

Beef cattle are traditionally managed outdoors with
exposure to natural and variable environmental condi-
tions. Cattle are particularly vulnerable not only to
extreme environmental conditions, but also to rapid
changes in these conditions. Management alternatives,
such as the strategic use of wind protection and bedding
in the winter or sprinklers and shade in the summer,
need to be considered to help cattle cope with adverse
conditions. In addition to these changes, manipulation
of diet energy density and intake may also be beneficial
for cattle challenged by environmental conditions. Algo-
rithms designed to predict effects of environmental con-
ditions on dry matter intake and maintenance energy
requirements can be used with currently accepted pre-
diction equations to better define and predict impact of
the environment on beef cattle.
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A review of methods to synchronize estrus in replacement
beef heifers and postpartum cows'
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ABSTRACT: This review considers methods cur-
rently available to control estrous cycles of postpartum
beef cows and replacement beef heifers. Development
of methods to control the estrous cycle of the cow has
occurred in six distinct phases. The physiological basis
for estrus synchronization followed the discovery that
progesterone inhibited preovulatory follicular matura-
tion and ovulation. Regulation of estrous cycles was
believed to be associated with control of the corpus lu-
teum, the life span and secretory activity of which are
regulated by trophic and lytic mechanisms. Phase I
(Progesterone Phase) included efforts to prolong the
luteal phase of the estrous cycle or to establish an arti-
ficial luteal phase by administering exogenous proges-
tins. Later, progestational agents were combined with
estrogens or gonadotropins in Phase II (Progesterone-
Estrogen Phase), whereas Phase III (PG Phase) in-
volved prostaglandin Fy, (PG) and its analogs as luteo-
lytic agents. Treatments that combined progestational
agents with PG characterized Phase IV (Progestogen-

PG Phase). Precise monitoring of ovarian follicles and
corpora lutea over time by transrectal ultrasonography
expanded our understanding of the bovine estrous cycle
and particularly the change that occurs during a follicu-
lar wave. We now know (Phase V, GnRH-PG Phase)
that precise control of estrous cycles requires the ma-
nipulation of both follicular waves and luteal lifespan.
This review includes specific discussion of progestins,
PG, GnRH, and various combinations of these hor-
mones or their analogs used to more precisely control
the interval and timing of estrus following treatment
(Phase VI, Progestogen-GnRH-PG Phase). The review
also addresses the potential benefits of these treat-
ments in eliciting a response from peripubertal heifers
and anestrous cows, and points to the flexibility in
matching specific protocols with the particular beef
management system involved. Recent advances in the
development of methods of artificially inseminating
beef cows and heifers at a fixed time with high fertility
are discussed, which should potentially result in a dra-
matic increase in the adoption of Al in beef herds.

Key Words: Artificial Insemination, Beef Cattle, Estrous Cycle, Synchronization
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Introduction

The percentage of beef cattle inseminated artificially
is predicted to increase substantially with the advent
of sexed semen (Seidel, 1998). Currently, however, sur-
veys indicate that fewer than 5% of the beef cows in
the United States are bred by Al, and only half of the
cattlemen that practice Al use any form of estrus syn-
chronization to facilitate their Al programs (Corah and
Kiracofe, 1989; NAHMS, 1994). The inability to predict
time of estrus for individual females in a group often
makes it impractical to use Al because of the labor
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required for estrus detection (Britt, 1987). The develop-
ment of methods of artificially inseminating beef cows
and heifers at a fixed time with high fertility should
result in a dramatic increase in the adoption of Al in
beef herds.

Expanded use of Al and/or adoption of emerging re-
productive technologies for beef cows and heifers re-
quires precise methods of estrous cycle control. Effec-
tive control of the estrous cycle requires the synchroni-
zation of both luteal and follicular functions. Efforts to
develop more effective estrus synchronization protocols
have focused recently on synchronizing follicular waves
by injecting GnRH, followed 7 d later by injection of
PG (Ovsynch, CO-Synch, and Select Synch). A factor
contributing to reduced synchronized pregnancy rates
in beef cows treated with the preceding protocols is that
5 to 15% of estrous cycling cows show estrus on or before
PG injection (Kojima et al., 2000). New protocols for
inducing and synchronizing a fertile estrus in postpar-
tum beef cows and replacement heifers in which the
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GnRH-PG protocol is preceded by either short- or long-
term progestin treatment offer significant potential to
enhance response to estrus synchronization, increase
pregnancy rate to Al during the synchronized period,
and facilitate insemination at a fixed time (Kojima et
al., 2000; Wood et al., 2001; Perry et al., 2002).

Definitions, Protocols, and Terms

The following definitions, protocols, and terms re-
ferred to throughout this manuscript are defined below.

Protocols

PG: Prostaglandin F,, (Lutalyse Sterile Solution,
Pharmacia Animal Health, Kalamazoo, MI; Estrumate,
Bayer Corp., Shawnee Mission, KS; ProstaMate, Phoe-
nix Scientific, Inc., St. Joseph, MO; In Synch, Agri Labo-
ratories, Ltd., St. Joseph, MO). MGA-PG: Melengestrol
acetate (MGA; 0.5 mg/animal per day) is fed for a period
of 14 d with PG administered 17 or 19 d after MGA
withdrawal. GnRH-PG, Select Synch: Gonadotropin-re-
leasing hormone injection (Cystorelin, Merial Ltd.,
Iselin, NJ; Factrel, Fort Dodge Animal Health, Over-
land Park, KS; Fertagyl, Intervet, Inc., Millsboro, DE)
followed after 7 d with an injection of PG. MGA Select:
MGA is fed for 14 d, GnRH is administered 10 or 12 d
after MGA withdrawal, and PG is administered 7 d
after GnRH. 7-11 Synch: MGA is fed for 7 d, PG is
administered on the last day MGA is fed, GnRH is ad-
ministered 4 d after the cessation of MGA, and a second
injection of PG is administered 11 d after MGA with-
drawal.

Terms

Estrous response: The number of females that exhibit
estrus during a synchronized period. Synchronized pe-
riod: The period of time during which estrus is ex-
pressed after treatment. Synchronized conception rate:
The proportion of females that become pregnant of
those exhibiting estrus and inseminated during the syn-
chronized period. Synchronized pregnancy rate: The
proportion of females that become pregnant of the total
number treated.

Development of Methods to Synchronize Estrus

The development of methods to control the estrous
cycle of the cow has occurred in six distinct phases. The
physiological basis for estrus synchronization followed
the discovery that progesterone inhibited ovulation
(Ulberg et al., 1951) and preovulatory follicular matura-
tion (Nellor and Cole, 1956; Hansel et al., 1961; La-
mond, 1964). Regulation of estrous cycles was believed
to be associated with control of the corpus luteum, the
life span and secretory activity of which are regulated
by trophic and lytic mechanisms (Thimonier et al.,
1975). The Progesterone Phase included efforts to pro-
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long the luteal phase of the estrous cycle or to establish
an artificial luteal phase by administering exogenous
progesterone. Later, progestational agents were com-
bined with estrogens or gonadotropins in the Progester-
one-Estrogen Phase. Prostaglandin Fy, and its analogs
were reported in 1972 to be luteolytic in the bovine
(Lauderdale, 1972; Liehr et al., 1972; Rowson et al.,
1972; Lauderdale et al., 1974) and ushered in the PG
Phase. Treatments that combined progestational
agents with PG characterized the Progestogen-PG
Phase. All of these protocols addressed control of the
luteal phase of the estrous cycle since follicular waves
were not recognized at the time.

Precise monitoring of ovarian follicles and corpora
lutea over time by transrectal ultrasonography ex-
panded our understanding of the bovine estrous cycle
and particularly the change that occurs during a follicu-
lar wave (Fortune et al., 1988). Growth of follicles in
cattle occurs in distinct wave-like patterns, with new
follicular waves occurring approximately every 10 d (6
to 15 d range). We now know that precise control of
estrous cycles requires the manipulation of both follicu-
lar waves and luteal lifespan (GnRH-PG Phase).

A single injection of GnRH to cows at random stages
of their estrous cycles causes release of LH, which leads
to synchronized ovulation or luteinization of most large,
dominant follicles (=10 mm; Garverick et al., 1980; Bao
and Garverick, 1998; Sartori et al., 2001). Conse-
quently, a new follicular wave is initiated in all cows
within 2 to 3 d of GnRH administration. Luteal tissue
that forms after GnRH administration is capable of
undergoing PG-induced luteolysis 6 or 7 d later (Twagi-
ramungu et al., 1995). The GnRH-PG protocol increased
estrus synchronization rate in beef (Twagiramungu et
al., 1992a,b) and dairy (Thatcher et al., 1993) cattle. A
drawback of this method, however, is that approxi-
mately 5 to 15% of the cows are detected in estrus on
or before the day of PG injection, thus reducing the
proportion of females that are detected in estrus and
inseminated during the synchronized period (Kojima
et al., 2000). This information stimulated research in
the Progestogen-GnRH-PG Phase.

Synchronization of Estrus and Ovulation
with the GnRH-PG-GnRH Protocol

Administration of PG alone is commonly utilized to
synchronize an ovulatory estrus in estrous cycling cows.
However, this method is ineffective in anestrous fe-
males, and variation among animals in the stage of
the follicular wave at the time of PG injection directly
contributes to the variation in onset of estrus during
the synchronized period (Macmillan and Henderson,
1984; Sirois and Fortune, 1988). Consequently, the
GnRH-PG-GnRH protocol was developed to synchro-
nize follicular waves and timing of ovulation. The
GnRH-PG-GnRH protocol (Figure 1) for fixed-time Al
results in the development of a preovulatory follicle
that ovulates in response to a second GnRH-induced
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Figure 1. Methods currently being used to synchronize
ovulation in postpartum beef cows: Ovsynch, CO-Synch,
and Select Synch.

LH surge 48 h after PG injection (Ovsynch; Pursely et
al., 1995). Ovsynch was validated recently as a reliable
means of synchronizing ovulation for fixed-time Al in
lactating dairy cows (Pursley et al., 1995; Burke et al.,
1996; Schmitt et al., 1996; Pursley et al., 1997a,b). Time
of ovulation with Ovsynch occurs between 24 to 32 h
after the second GnRH injection and is synchronized
in 87 to 100% of lactating dairy cows (Pursley et al.,
1997a). Pregnancy rates among cows that were insemi-
nated at a fixed time following Ovsynch ranged from
32 to 45% (Pursley et al., 1997b; 1998). The Ovsynch
protocol, however, did not effectively synchronize estrus
and ovulation in dairy heifers (35% pregnancy rate com-
pared with 74% in PG controls; Pursley et al., 1997b).
Protocols for fixed-time insemination were recently
tested in postpartum beef cows. Pregnancy rates for
Ovsynch treated beef cows were compared with those
of cows synchronized and inseminated at a fixed time
following treatment with Syncro-Mate-B (Geary et al.,
1998a). Calves in both treatment groups were removed
from their dams for a period of 48 h beginning either
at the time of implant removal (Syncro-Mate-B) or at
the time PG was administered (Ovsynch). Pregnancy
rates following fixed-time AI after Ovsynch (54%) were
higher than those for Syncro-Mate-B-treated cows
(42%). One should note that on the day following timed
insemination, cows were exposed to fertile bulls of the
same breed; no attempt was made to determine progeny
paternity. Additionally, we do not know the incidence
of short cycles among cows that were anestrous prior
to treatment and that perhaps returned to estrus pre-
maturely and became pregnant to natural service.
Recently, variations of the Ovsynch protocol (CO-
Synch and Select Synch) were tested in postpartum
beef cows (Figure 1). It is important to understand that
treatment variations of Ovsynch currently being used
in postpartum beef cows have not undergone the same
validation process that Ovsynch underwent in lactating
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dairy cows. At this point, we do not know whether re-
sponse in postpartum beef cows to the protocols outlined
in Figure 1 is the same or different from lactating dairy
cows due to potential differences in follicular wave pat-
terns. Differences in specific response variables may
include: a) the relative length of time to ovulation from
the second GnRH injection; b) the anticipated range
in timing of ovulation; and c¢) the degree of ovulation
synchrony that occurs.

Two variations from Ovsynch being used most exten-
sively in postpartum beef cows are currently referred
to as CO-Synch and Select Synch. CO-Synch (Geary et
al., 1998b) is similar to Ovsynch in that timing and
sequence of injections are the same and all cows are
inseminated at a fixed time. CO-Synch differs from Ov-
synch, however, in that cows are inseminated when the
second GnRH injection is administered, compared to
the recommended 16 h after GnRH for Ovsynch treated
cows. Select Synch (Geary et al., 2000) differs, too, in
that cows do not receive the second injection of GnRH
and are not inseminated at a fixed time. Cows synchro-
nized with this protocol are inseminated 12 h after de-
tected estrus. It is currently recommended that for Se-
lect Synch-treated cows, detection of estrus begin as
early as 4 d after GnRH injection and continue through
6 d after PG (Kojima et al., 2000). Select Synch, similar
to Ovsynch, was less effective than the MGA-PG proto-
col in synchronizing estrus in beef heifers (Stevenson
et al., 1999).

Synchronization of Estrus with the MGA-PG Protocol

Melengestrol acetate, as a progestogen, was shown
to be effective for estrus synchronization of beef cows
and heifers (Zimbelman et al., 1970). Estrus synchroni-
zation programs designed for heifers and postpartum
beef cows should be evaluated in relation to their effect
on conception (Patterson et al., 1989; Folman et al.,
1990). Until recently, there was little published evi-
dence comparing methods of estrous cycle control that
utilize PG alone to methods that utilize progesterone
or progestogens in conjunction with PG. Feeding MGA
for 14 d followed by PG injection 17 d after MGA feeding
(MGA-PG protocol) is an effective method of estrous
cycle control in heifers (Brown et al., 1988; Patterson
and Corah, 1992). More recently, an increase in estrous
response, synchronized conception and pregnancy
rates, and fecundity in the postpartum cow was re-
ported among cows treated with the MGA-PG protocol
when compared with PG alone (Figure 2A and B; Pat-
terson et al., 1995).

We know from work with both dairy (Britt et al.,
1972) and beef cows (Zimbelman et al., 1970; Patterson
et al., 1995) that the second synchronized estrus after
MGA, whether spontaneous or induced with PG, may
be inherently more fertile. Reported differences in con-
ception rate for beef cows are shown in Figure 2B (Pat-
terson et al., 1995). Treated cows in that study each
received 0.5 mg of MGA or carrier without MGA for 14
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Figure 2. A) Melengestrol acteate (MGA)-treated cows
each received 0.5 mg of MGA /d for 14 d or carrier only,
with prostaglandin F,, (PG) administered 17 d after MGA
or carrier withdrawal. Cows that failed to exhibit estrus
within 6 d after PG were reinjected with PG a second
time 11 d later (Patterson et al., 1995). B) Synchronized
conception rates of cows exhibiting estrus after each of
two PG injections. Cows pretreated with MGA before PG
experienced a 20% improvement in synchronized concep-
tion and pregnancy rate, as well as a 15% twinning rate
(adapted from Patterson et al., 1995).

d. All cows received PG 17 d after the last feeding day
of MGA or carrier without MGA. Control and treated
cows that failed to exhibit estrus within 6 d after the
first injection of PG were reinjected with PG 11 d later
(Figure 2A). Many of the cows that failed to respond to
PG on d 17 after withdrawal of MGA were cows that
were anestrus prior to MGA treatment. Fralix et al.
(1996) reported that up to 20% of anestrous cows experi-
ence short cycles prior to PG administered on d 17 after
MGA withdrawal (Figure 3). To remedy this problem,
unresponsive cows may be reinjected with PG 11 d later,
or on d 42 from the beginning of treatment (Figure 2).

The administration of MGA at the recommended
daily rate of 0.5 mg prevents the expression of behav-
ioral estrus, blocks the preovulatory surge of LH, and
ovulation (Zimbelman and Smith, 1966; Zimbelman et
al., 1970; Imwalle et al., 2002). Until recently, however,
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Figure 3. Progesterone profile depicting a short luteal
phase subsequent to melengestrol actetate (MGA) with-
drawal. This cow would not respond to prostaglandin
Fy, (PG) administered 17 d after MGA withdrawal, but
would be expected to exhibit estrus when reinjected with
PG 11 d later (adapted from Fralix et al., 1996).

there was no evidence to suggest that MGA would in-
duce cyclicity in peripubertal heifers (Patterson et al.,
1990; Imwalle et al., 1998) or improve conception and
increase ovulation rate in postpartum beef cows (Pat-
terson et al., 1995; Fralix et al., 1996; Patterson et
al., 1997).

The disadvantages of the MGA-PG system include:
1) anestrous cows that experience a short luteal phase
after the period of MGA feeding, which in some cases
necessitates a second PG injection (Fralix et al., 1996);
2) although twinning was not detected in an extensive
study of MGA in beef cattle estrus synchronization
(Zimbelman et al., 1970), the potential for an increased
incidence of twinning (Patterson et al., 1995) was re-
ported, which is undesirable in many beef production
systems from a management viewpoint; 3) the overall
length of the treatment period; and 4) the difficulty
in some management situations of ensuring adequate
intake of MGA on a daily basis.

Advantages of MGA for synchronization of estrus are
ease of administration and cost. Furthermore, MGA
recently received clearance from the FDA (Federal Reg-
ister, 1997) for use in reproductive classes of beef cows
and heifers and dairy heifers; therefore, research of
methods for use in estrous cycle control involving MGA
bear increased significance and marked relevance to
current industry needs. These are important considera-
tions for widespread use of any successful estrus syn-
chronization treatment and are essential to expanded
application of Al in beef cattle. The MGA-PG protocol
avoids problems with reduced conception and offers ad-
vantages compared with untreated controls (Brown et
al., 1988; Patterson and Corah, 1992).

Effect of the MGA-GnRH-PG Protocol
on Estrus Synchronization

Twagiramungu et al. (1995) reported an increase in
estrous response in postpartum beef cows over PG-
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Figure 4. A) Cows were fed melengestrol acetate
(MGA) for 14 d. Gonadotropin releasing hormone
(GnRH) was administered to half the cows 10 d after
MGA withdrawal, and all cows were injected with prosta-
glandin F,, (PG) 7 d later (Patterson et al., 1999). B) Estrous
response for MGA-PG- or MGA-GnRH-PG-treated cows
(Patterson et al., 1999).

treated controls when cows received an injection of
GnRH 7 d before PG. Advantages of the GnRH-PG sys-
tem include simplicity of administration and short du-
ration of treatment. The major disadvantage of the
GnRH-PG protocol is the percentage of cows that ex-
hibit estrus after GnRH and before PG, which in some
cases may be as high as 15% of the total number of cows
treated (Kojima et al., 2000). In order to inseminate all
cows that respond during the treatment period, estrus
detection is required for a period of 10 d, beginning 4
d before and 6 d after PG administration.

There have been few studies designed to evaluate
progestin treatment prior to administration of the
GnRH-PG protocol. The addition of MGA to the GnRH-
PG protocol was compared with the standard MGA-
PG protocol in postpartum beef cows (Patterson et al.,
1999). The design and results from that study are
shown in Figures 4A and 4B. None of the cows in the
MGA-GnRH-PG group exhibited estrus before PG. Syn-
chrony of estrus was improved among MGA-GnRH-PG
treated cows, with about 80% of the cows assigned to
that treatment exhibiting estrus 48 to 96 h after PG
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Figure 5. A) Cows were fed melengestrol acetate
(MGA) or carrier without MGA for 14 d. Gonadotropin-
releasing hormone (GnRH) was administered to all cows
10 d after MGA and carrier withdrawal, and all cows were
injected with prostaglandin F,, (PG) 7 d later (Patterson et
al., 2000a). B) Estrous response for MGA-GnRH-PG- or
GnRH-PG-treated cows (Patterson et al., 2000a).

(Figure 4B). Additionally, there was no difference be-
tween MGA-GnRH-PG and MGA-PG protocols in syn-
chronized conception (78 and 83%, respectively) or preg-
nancy rate (65 and 67%, respectively) during the syn-
chronized period.

The MGA-GnRH-PG protocol was also compared to
the GnRH-PG protocol in postpartum beef cows. The
design and results from that study are shown in Figures
5A and 5B (Patterson et al., 2000a). Synchrony of estrus
was improved among MGA-GnRH-PG-treated cows
compared to cows that did not receive MGA (GnRH-
PG) and high pregnancy rates to Al were maintained
(70 and 59%, respectively). The distribution of estrus
among MGA-GnRH-PG-treated cows was similar to the
distribution illustrated in Figure 4B, demonstrating
the repeatability of response following this treatment.

Using MGA to Synchronize Estrus in Heifers
A Modified MGA Protocol for Heifers

Recent studies with heifers show that both synchrony
of estrus and total estrous response improved when PG
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Figure 6. Insemination times for heifers synchronized
with 14- to 17- or 14- to 19-d melengestrol acetate-prosta-
glandin F,, protocols (adapted from Lamb et al., 2000).

was administered 19 d after MGA withdrawal com-
pared with heifers that were injected on d 17 after MGA
withdrawal (Figure 6; Nix et al., 1998; Deutscher, 2000;
Lamb et al., 2000). No difference in fertility between
treatments was reported.

We evaluated a modified MGA-PG protocol for induc-
ing and synchronizing a fertile estrus in beef heifers
(Figure 7; Wood et al., 2001). The first modification
changed the day of PG injection from d 31 to d 33 of
treatment. The second modification was the addition of
a GnRH injection on d 26 of treatment. Wood et al.
(2001) found that injection of GnRH on d 26 of the
MGA-PG protocol induced luteal tissue formation and
initiated a new follicular wave on approximately d 28
in cycling beef heifers (Figure 8B). The proportion of
heifers with synchronized follicular waves on d 33 was
increased significantly compared to heifers that did not
receive GnRH (Figure 8A and B; Wood et al., 2001).

Wood (2000) also reported differences in estrous re-
sponse and synchrony of estrus during the synchronized
period among heifers assigned to the treatments illus-

MGA-PG PG
[ MGA 144 | Vv
1 14 26 33
MGA-GnRH-PG GnRH PG
[ MGa 1ad | \ \
1 14 26 33

Treatment d

Figure 7. A modified long-term melengestrol acetate
(MGA) protocol. Heifers were fed MGA for 14 d; 19 d
after MGA withdrawal, prostaglandin F,, (PG) was ad-
ministered to all heifers. Half the heifers were adminis-
tered GnRH 7 d before PG (adapted from Wood et al.,
2001).
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Figure 8. Patterns of dominant follicle development in
(A) melengestrol acetate (MGA)-prostaglandin F,, (PG)-
and GnRH-treated (B; MGA-GnRH-PG) heifers. Adminis-
tration of GnRH (B) caused the synchronized develop-
ment of a dominant follicle before PG injection. Follicular
development in MGA-PG-treated heifers (A) was poorly
synchronized (adapted from Wood et al., 2001).

trated in Figure 7. This difference in estrous response
and degree of synchrony was based on the percentage
of heifers that were pubertal at the time treatment with
MGA began. Figure 9A and B illustrate these differ-
ences (Wood, 2000).

Figure 9A shows the distribution of estrus where only
30% of the heifers were pubertal at the time treatment
with MGA began, whereas Figure 9B illustrates the
distribution of estrus for heifers where 56% of the heif-
ers were pubertal at the same time. The increased cy-
clicity of heifers shown in Figure 9B was associated
with a reduced variance in the interval to estrus among
MGA-GnRH-PG-treated heifers. Al pregnancy rates re-
mained high for both MGA-GnRH-PG- and MGA-PG-
treated heifers and were not different (67 and 60%,
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Figure 9. Percentage of heifers observed in estrus for
melengestrol acetate (MGA)-prostaglandin F,,, (PG)- and
MGA-GnRH-PG-treated heifers. Cyclicity rates were 30
and 56% for heifers at Location 1 (A) and 2 (B), respec-
tively, at the time treatment with MGA began (adapted
from Wood, 2000).

respectively [Location 1] and 75 and 72%, respectively
[Location 2]).

Collectively, results from several studies indicate
that the decision to add GnRH to a 14- to 19-d MGA-
PG protocol for heifers should involve careful consider-
ation of age, weight, and pubertal status of heifers at
the time treatment with MGA-PG is initiated (Wood,
2000; Kojima et al., 2001). In situations where heifers
are scheduled to begin an estrus synchronization treat-
ment with MGA, we recommend that reproductive tract
scores (RTS; Anderson et al., 1991; Patterson et al.,
2000b) be performed within 2 wk prior to the initiation
of treatment. We further recommend that heifers are
ready to begin treatment with MGA if 50% of the heifers
within a group are assigned RTS of 4 or 5 (Patterson
et al., 2000b). This indicates that these heifers have
reached puberty and are estrous cycling. Based on the
age and weight of prepubertal or peripubertal contem-
poraries, up to 70% of these heifers can be expected to
exhibit estrus and ovulate after MGA withdrawal, so

Patterson et al.
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Figure 10. Treatment schedule for long-term and short-
term feeding of melengestrol acetate (MGA; adapted from
Patterson et al., 1993).

the potential estrous response during the synchronized
period is up to 80%. Estrous response among heifers
that were assigned scores of 2 or 3 was lower than
for those assigned scores of 4 or 5. However, as RTS
increased, estrous response improved (Patterson et al.,
2000b; Funston et al., 2002).

Considerations Related to Long-Term
Feeding of MGA to Heifers

Long-term feeding of MGA to beef heifers and associ-
ated effects on fertility may be a concern in specific
production systems. It is not uncommon for heifers to
be placed on MGA for extended periods of time and
subsequently exposed for breeding after placement in
backgrounding programs that necessitate long-term
MGA administration. Zimbelman et al. (1970) reported
no negative effect of either long-term or repeated inter-
vals of feeding MGA to beef cows and heifers other than
the expected reduced conception rate when cattle were
bred at the synchronized estrus 3 to 7 d after the last
day of MGA feeding. Patterson et al. (1993) designed
a study (Figure 10) to compare estrous response and
fertility during synchronized estrous periods among
beef heifers that were fed MGA for 87 d (long-term,
LT) or 14 d (short-term, ST) prior to PG. Heifers were
stratified by age and weight to LT- or ST-MGA treat-
ments (Table 1), and received 0.5 mg of MGA per ani-
mal, per day for 87 or 14 d. Heifers in each group were
administered PG 17 d after MGA withdrawal. Heifers
in both groups that failed to exhibit estrus within 6 d
after the first injection of PG, were administered a sec-
ond injection of PG 11 d after the first injection (Figure
10). Transrectal ultrasonography was used to examine

Table 1. Ages and weights of heifers at the time
prostaglandin F,, (PG) was administered®

Treatment No. of heifers Age, d Weight, kg
Short-term, 14 d 31 427 393
Long-term, 87 d 30 423 387

2Adapted from Patterson et al. (1993).
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Table 2. Estrous response and fertility of heifers treated long-term or short-term with melengestrol acetate (MGA)

Short-term MGA, 14 d

Long-term MGA, 87 d

Response variable 1st PG* 2nd PG* Total 1st PG* 2nd PG* Total
Estrous response 24/31 (77%") 4/7 (57%) 28/31 (90%) 16/30 (53%°) 10/14 (71%) 26/30 (87%)
Synchronized conception 15/21 (63%) 3/4 (75%) 18/28 (64%) 12/16 (75%) 6/10 (60%) 18/26 (69%)

Synchronized pregnancy — —
Final pregnancy — —

18/31 (58%) —
28/31 (90%) —

18/30 (60%)
27/30 (90%)

21st PG refers to animals that responded to prostaglandin Fy, (PG) administered 17 d after MGA withdrawal; 2nd PG refers to animals
that failed to respond to the first injection of PG that were reinjected 11 d later.
bcPercentages within a row and between treatments with different superscripts differ (P < 0.05; adapted from Patterson et al., 1993).

ovaries of all heifers at the end of treatment with MGA
and at the time PG was administered. Heifers that
failed to exhibit estrus after the first injection of PG
were reexamined prior to the second PG injection. All
heifers were exposed for natural-service for an addi-
tional 45 d after the AI period.

More ST-treated heifers exhibited estrus after the
first injection of PG than LT-treated heifers (Table 2;
P <0.05). Total response after the two injections of PG,
however, did not differ between treatments. Further-
more, there were no significant differences between
treatments in synchronized conception and pregnancy
rates, or pregnancy rates at the end of the breeding
period (Table 2). A higher incidence of luteinized follicu-
lar cysts (Table 3) was observed among heifers in the
LT-treatment compared with heifers in the ST-treat-
ment (LT, 11/30 [37%]; ST, 0/31 [0%]). This observation
may explain differences in estrous response between
treatments following the first injection of PG.

These data indicate that long-term feeding of MGA
may result in a higher than normal incidence of lutein-
ized follicular cysts and an associated reduction in es-
trous response after PG. The data indicate, however,
that reinjection with PG resulted in satisfactory breed-
ing performance among heifers that were fed MGA for
extended periods of time.

Using MGA to Synchronize Estrus in
Postpartum Beef Cows

Development of the MGA Select
Protocol for Postpartum Cows

Patterson et al. (2002) compared the 14-to 19-d MGA-
PG protocol in postpartum suckled beef cows with or
without the addition of GnRH on d 12 after MGA with-

Table 3. Ovarian morphology of heifers treated long-
term or short-term with melengestrol acetate (MGA)

Treatment Normal Abnormal?®
Short-term 31/31 (100%) 0/31 (0%)
Long-term 19/30 (63%) 11/30 (37%)

#Abnormal = presence of luteinized follicular cysts, 20 to 45 mm
in diameter (adapted from Patterson et al., 1993).

drawal and 7 d before PG as described by Wood et al.
(2001; Figure 5). Table 4 provides a summary of the
number of cows within age group by treatment, the
mean number of days postpartum on the first day of
MGA feeding, the BCS of cows on the day GnRH was
administered, and the percentage of cows that were
estrous cycling prior to initiation of MGA treatment.
Cyclicity rates of cows at the onset of MGA feeding were
lower among cows =5 yr of age than cows <4 yr of age.
Mean intervals to estrus differed between treatments
(P <0.06), with longer intervals observed among cows
assigned to the MGA-PG protocol. Mean intervals to
estrus for MGA-GnRH-PG- and MGA-PG-treated cows
were 74.4 + 1.8 and 81.1 + 2.3 h, respectively. Table 5
provides a summary of estrous response and the syn-
chronized conception and pregnancy rates of cows as-
signed to the two treatments. Estrous response was
higher (P < 0.05) among MGA-GnRH-PG-treated cows
than MGA-PG-treated cows. These data demonstrate
an improvement in estrous response among postpartum
beef cows in which anestrous rates were high.

There was no difference between treatments in con-
ception rate of cows during the synchronized period.
Synchronized pregnancy rate (number of cows pregnant
of the total number treated), however, was higher
among cows =5 yr of age assigned to the MGA-GnRH-
PG treatment compared with MGA-PG-treated cows of
the same age. Final pregnancy rate of cows at the end
of the breeding season was the same for cows assigned

Table 4. Number of cows, age, days postpartum, body
condition score, and cyclicity status for cows in
each treatment (mean + SE)?

No. of Days Cyclicity,
Treatment Age, yr cows postpartum® BCS® %
MGA-PG 2,3,4 52 47 + 2 52 + .08 35
>5 48 40 + 2 5.2 + .09 15
MGA-GnRH-PG 2,3,4 53 47 + 2 53 + .10 38
>5 48 39 + 2 53 + .10 13

2Adapted from Patterson et al. (2002). MGA = melengestrol acetate;
PG = prostaglandin Fs,

PMeans reflect days postpartum for cows in each treatment on the
first day of MGA feeding.

“Body condition scores were assigned on the day GnRH was admin-
istered.
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Table 5. Estrous response, synchronized conception and pregnancy rates for cows
assigned to MGA-PG or MGA-GnRH-PG treatments®

Estrous Synchronized Synchronized

response conception pregnancy

Treatment Age, yr no., % no., % no., %

MGA-PG 2,3,4 44/52 (85) 36/44 (82) 36/52 (69)
>5 32/48 (67°) 22/32 (69) 22/48 (46)

Total 76/100 (76") 58/76 (76) 58/100 (58)

MGA-GnRH-PG 2,3,4 46/53 (87) 33/46 (72) 33/53 (62)
>5 42/48 (88°) 34/42 (81) 34/48 (71°)

Total 88/101 (87°) 67/88 (76) 67/101 (66)

2Adapted from Patterson et al. (2002). MGA = melengestrol acetate; PG = prostaglandin Fy,,.
beValues with different superscripts within columns differ (P < 0.05).

to the respective two treatments (97% for both MGA-
GnRH-PG- and MGA-PG-treated cows).

Perry et al. (2002) conducted an experiment to deter-
mine whether pretreatment with MGA prior to a
GnRH-PG-GnRH (control) protocol would improve
pregnancy rates resulting from fixed-time AI. Cows
were assigned by age and days postpartum to one of
two treatments. Control and MGA-treated (Figure 11)
cows were fed a supplement carrier with or without
MGA for 14 d. Gonadotropin-releasing growth hormone
was administered to all cows 12 d after MGA or carrier
withdrawal and 7 d prior to PG. All cows were adminis-
tered GnRH and artificially inseminated 72 h after PG.
Pregnancy rates to fixed-time Al are reported in Table
6. There was no difference between treatments at loca-
tion 1 (MGA = 58% [26/45]; Control = 51% [23/45]).
However, there was a difference (P <0.03) in pregnancy
rate to fixed-time Al between treatments at location 2
(MGA = 63% [44/70]; Control = 45% [30/67]). Further-
more, when results from both locations were combined,
the overall difference remained significant (MGA = 70/
115 [61%]; Control = 53/112 [47%]; P < 0.05). These

GnRH

MGA-GnRH-PG-GnRH & Al
GnRH PG
MGA, 14 d vV V

1 14 26 33 .... 72h

GnRH

Control & Al
GnRH PG
Carrier, 14d vV V

1 14 26 33 .... 72h

Treatment d

Figure 11. Treatment schedules and timing of fixed-
time insemination for melengestrol acetate (MGA)-
treated and Control (modified CO-Synch) cows (adapted
from Perry et al., 2002).

results indicate that pregnancy rates resulting from
fixed-time insemination are improved significantly
when treatment with MGA precedes the GnRH-PG-
GnRH protocol. This approach to estrus synchroniza-
tion that involves a 14-d feeding period of MGA followed
12 d (d 26) later by an injection of GnRH, and PG on
d 19 after MGA withdrawal (d 33) was recently named
MGA Select (Figure 12).

Development of Methods to Shorten
the Length of Treatment, 7-11 Synch

Kojima et al. (2000) developed an estrus synchroniza-
tion protocol for beef cattle that was designed to shorten
the feeding period of MGA without compromising fertil-
ity and to improve synchrony of estrus by synchronizing
development and ovulation of follicles from the first
wave of development (Figure 13A). This new treatment,
7-11 Synch, was compared with the GnRH-PG protocol.
Synchrony of estrus during the 24-h peak response pe-
riod (42 to 66 h) was significantly higher (P < 0.01)
among 7-11 Synch treated cows. Furthermore, the dis-
tribution of estrus was reduced (P < 0.05) from 144 h
for GnRH-PG-treated cows to 60 h for cows assigned to
the 7-11 Synch treatment (Figure 13B; Kojima et al.,
2000). The 7-11 Synch protocol resulted in a higher
degree of estrus synchrony (91%) and greater Al preg-
nancy rate (68%) during a 24-h peak response period
compared to the GnRH-PG protocol (69 and 47%, re-
spectively).

The 7-11 Synch protocol has also shown significant
potential for use in conjunction with fixed-time AI pro-
grams (Hixon et al., 2001; Kojima et al., 2002). These
studies report high pregnancy rates resulting from
fixed-time insemination of cows that were synchronized
with the 7-11 Synch protocol, thereby eliminating the
need to detect estrus. Further research is needed to
more precisely determine the appropriate time of Al
following treatment with 7-11 Synch and the necessity
of administering GnRH at AI (Kojima et al., 2002).

Summary and Conclusions

Estrus synchronization and Al remain the most im-
portant and widely applicable reproductive biotechnolo-
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Table 6. Fixed-time Al and final pregnancy rates of MGA-treated and Control cows®

Total
no., %

Location 2
no., %

Location 1

Item no., %

Pregnancy rate to fixed-time Al

MGA-treated 26/45 (58%) 44/70 (63%") 70/115 (61%")

Control 23/45 (51%) 30/67 (45%°) 53/112 (47%°)
Final pregnancy rate

MGA-treated 38/45 (84%) 64/70 (91%) 102/115 (89%)
Control 38/45 (84%) 59/67 (88%) 97/112 (87%)

2Adapted from Perry et al. (2002). MGA = melengestrol acetate.
b<Percentages within a column and category with different superscripts differ (P < 0.05).

gies available for cattle (Seidel, 1995). Although hor-
mone treatment of heifers and cows to group estrous
periods has been a commercial reality now for over 30
yr, producers have been slow to adopt this management
practice. Perhaps this is because of past failures, which
resulted when females that were placed on estrus syn-
chronization treatments failed to reach puberty or to
resume normal estrous cycles following calving, and
the reality that early estrus synchronization programs
failed to manage follicular waves, resulting in more
days in the synchronized period and precluded timed
insemination with acceptable pregnancy rates. Pat-
terson et al. (1999) proposed the general hypothesis
that progestin treatment prior to the GnRH-PG estrus
synchronization protocol would successfully: 1) induce
ovulation in anestrous postpartum beef cows and peri-
pubertal beef heifers; 2) reduce the incidence of a short
luteal phase among anestrous cows induced to ovulate;
3) increase estrous response, synchronized conception
and pregnancy rates; and 4) increase the likelihood of
successful fixed-time insemination. New methods of
synchronizing estrus in beef cattle outlined in this re-
view present the opportunity to enhance results from
Al and thereby reduce the period of time required to
detect estrus or eliminate the need entirely. Further
research is needed to more precisely determine the ap-
propriate timing of fixed-time insemination following
administration of these protocols and their extended
application to the beef cattle industry.

MGA Select

GuRH PG
| MGA 144 | v \V/
1 14 26 33

Treatment d

Figure 12. The MGA Select protocol. This treatment
protocol involves a 14-d feeding period of melengestrol
acetate (MGA), followed by the administration of GnRH
on d 12 after MGA withdrawal and prostaglandin F,,
(PG) 7 d later.

Implications

New methods of inducing and synchronizing estrus
for postpartum beef cows and replacement beef heifers
in which the gonadotropin-releasing hormone-prosta-
glandin F,, protocol is preceded by a progestin offer
significant potential to more effectively synchronize es-
trus with resulting high fertility. These new protocols
may provide significant opportunity to enhance results
from fixed-time artificial insemination and offer the
beef cattle industry the prospect of expanding the use
of artificial insemination.

A Follicular development
O >
Ovulation or @ Synchronized
luteinization O ovulation
o O
& °
PG Synchronized initiation
v of a new follicular wave
GnRH PG
MGA, 7 d v V4
1 7 11 18
Treatment d
80
10 B 7-11 synch
60 O caru-pc

Cows exhibiting estrus, %

30 -18 -6 0 6 18 30 42 54 66 78 90 102 114 126 No

Time to estrus, h Response

Figure 13. A) Illustration of the treatment schedule and
events associated with the 7-11 Synch protocol (adapted
from Kojima et al., 2000). B) Estrous response of cows
treated with the 7-11 Synch or GnRH-prostaglandin F,,
(PG) protocols (adapted from Kojima et al., 2000).
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ABSTRACT: Direct-fed microbials (DFM) have been
shown to increase daily gain and feed efficiency in feed-
lot cattle, enhance milk production in dairy cows, and
improve health and performance of young calves. How-
ever, their effects on performance have been mixed, and
the mode of action remains unclear. Bacteria used as
DFM have been defined as single or mixed cultures of
live organisms, which, when fed to animals, beneficially
affect the host. The original concept of feeding DFM to
man and livestock was based primarily on the potential
for beneficial intestinal effects, including the establish-
ment of a desirable gut microflora and/or prevention of
the establishment of pathogenic organisms. More re-
cently, however, there has been some indication that
certain bacterial DFM might have beneficial effects in
the rumen, such as decreasing the potential for ruminal
acidosis. In several experiments, supplementing feedlot
cattle with lactate-utilizing and/or lactate-producing
bacteria has been shown to improve feed efficiency and
daily gain (approximately 2.5%), with little change in
DMI. In addition, increased milk yield (0.75 to 2.0 kg/

d) has been reported in studies using dairy cows fed
DFM, with little change in milk composition. Few at-
tempts have been made to determine the mechanisms
responsible for the beneficial effects of DFM, but the
potential for a decrease in subacute acidosis has been
evaluated. Responses to bacterial DFM have included
a decrease in the area below subacute ruminal pH,
increases in ruminal propionate concentrations, in-
creased protozoal numbers, and changes in viable bac-
terial counts. Effects on some blood variables (lower
CO; and LDH) also suggest a reduced risk of metabolic
acidosis. Recent research has shown that DFM de-
creased fecal shedding of Escherichia coli O157:H7 from
infected calves. Therefore, a possible application for
DFM might be to reduce shedding of this pathogen
from cattle. Overall, data indicate that DFM have the
potential to decrease ruminal acidosis in feedlot cattle
and dairy cows, and improve immune response in
stressed calves. More research is needed to describe the
mode of action, and thereby improve the efficiency of
DFM use.
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Introduction

The term “probiotic” has been defined as “a live micro-
bial feed supplement, which beneficially affects the host
animal by improving its intestinal microbial balance”
(Fuller, 1989) and has been used to describe viable mi-
crobial cultures, culture extracts, enzyme preparations,
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or various combinations of the above (Yoon and Stern,
1995). Therefore, the U.S. FDA has required feed manu-
facturers to use the term “direct-fed microbial“ (DFM)
instead of probiotic (Miles and Bootwalla, 1989) and has
narrowed the definition to “a source of live, naturally
occurring microorganisms” (Yoon and Stern, 1995). Mi-
croorganisms used as DFM for ruminants include via-
ble cultures of fungi and bacteria.

Concern regarding the use of antibiotics and other
growth stimulants in the animal feed industry has in-
creased in recent years. There has been increasing em-
phasis placed on disease prevention as a means of re-
ducing the use of antibiotics and also public concern
about pathogens in meat and meat products. As result,
interest in the effects of DFM on animal health and
performance has increased. For ruminants, microbial
cultures have been used to potentially replace or reduce
the use of antibiotics in neonatal and stressed calves,
to enhance milk production in dairy cows, and to im-
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prove feed efficiency and daily gain in beef cattle. Most
recently, cultures of Lactobacillus acidophilus have
been shown to reduce fecal shedding of Escherichia coli
0157:H7 by feedlot cattle. Although responses to DFM
have been positive in many experiments, basic mecha-
nisms are not well defined and are not clearly under-
stood. Enhancing our understanding of the mode of
action of DFM would improve our ability to select and
apply appropriate DFM to ruminant diets. This review
summarizes the literature pertaining to bacterial DFM
and their influence on health and performance of rumi-
nant animals. Moreover, information on underlying
mechanisms is discussed.

History

Historical information pertaining to the use of bacte-
rial DFM has been reviewed (Stern and Storrs, 1975;
Newman and Jacques, 1995; Yoon and Stern, 1995). In
his book, The Prolongation of Life, Metchnikoff (1908)
first proposed that consuming lactobacilli capable of
living in the intestinal tract was desirable (Yoon and
Stern, 1995). He suggested that longevity of the Bulgar-
ians was partly due to their consumption of a fermented
milk product and that lactobacilli present in the fer-
mented product prevented disease caused by enteropa-
thogens. Metchnikoff’s (1908) postulation led to several
studies on the efficacy of the Lactobacillus species dur-
ing the 1920’s (Stern and Storrs, 1975). Stern and
Stoors (1975) reported that the early popularity of L.
acidophilus therapy in the United States reached its
peak by about the mid-1930s, and then faded. Following
World War II, antibiotics came into use and were often
so efficient that they destroyed all the intestinal bacte-
ria (Mannheim, 1951). The net effect was an increase
in the incidence of “antibiotic diarrhea” and related side
effects, and interest in acidophilus therapy for restora-
tion of normal intestinal microorganisms began to be
renewed. Since then (mid-1950s), there has been a slow
but steady increase in the study of bacterial DFM for
humans and animals. However, production responses
of growing and lactating ruminants and interest in the
corresponding mode of action of bacterial DFM have not
occurred until more recently (Yoon and Stern, 1995).

Bacterial Direct-Fed Microbials in Dairy Production

Preruminant Calves. In terms of ruminant production
systems, the efficacy of bacterial DFM has been studied
most extensively in the neonatal dairy calf. Bacterial
DFM, such as species of Lactobacillus, Enterococcus,
Streptococcus, and Bifidobacterium, have been studied
in young calves, and the data have been reviewed (New-
man and Jacques, 1995). In general, the importance of
bacterial DFM (primarily Lactobacillus species) fed to
young and/or stressed calves has been to establish and
maintain “normal” intestinal microorganisms rather
than as a production (i.e., gain and efficiency) stimu-
lant. For dairy calves, rapid adaptation to solid feed by

E121

accelerating the establishment of ruminal and intesti-
nal microorganisms and avoiding the establishment of
enteropathogens, which often results in diarrhea, is the
primary goal. In the neonate and in stressed calves,
the microbial population is in transition and extremely
sensitive; abrupt changes in diet or the environment
can cause alterations in microbial populations in the
gastrointestinal tract (GIT; Savage, 1977). For exam-
ple, Tannock (1983) reported that stress often leads to
an increased incidence of diarrhea in neonates, which
is associated with decreases in the population of Lacto-
bacillus in the gut. Moreover, Sandine (1979) reported
that fecal counts oflactobacilli normally are higher than
coliforms in healthy animals and reversed in those suf-
fering from diarrhea.

Feeding calves viable cultures of species of Lactoba-
cillus and Streptococcus has been reported to decrease
the incidence of diarrhea (Bechman et al., 1977; Maeng
et al., 1987; Fox, 1988). In a more recent experiment
by Abu-Tarboush et al. (1996), calves fed L. acidophilus
27SC had a significantly lower scour index during wk
5, 7, and 8 compared with calves fed the control diet,
which confirmed the beneficial effect of lactobacilli in
reducing the incidence of diarrhea in dairy calves sug-
gested by earlier research. The decreased incidence of
diarrhea might be associated with a consistently in-
creased shedding of Lactobacillus (Gilliland et al., 1980;
Jenny et al., 1991; Abu-Tarboush et al., 1996) and an
inconsistent decreased shedding of coliforms (Bruce et
al., 1979) in feces in response to supplements of Lacto-
bacillus. Previous researchers (Ellinger et al., 1980;
Gilliland et al., 1980; Abu-Tarboush et al., 1996) have
suggested that animals experiencing normal stools are
less likely to be shedding coliforms in feces. Fecal shed-
ding of coliforms has generally not increased when
calves were not experiencing diarrhea (Ellinger et al.,
1980; Gilliland et al., 1980; Abu-Tarboush et al., 1996),
and authors have suggested that this could be related
to the fact that animals were not experiencing intestinal
disorders (e.g., diarrhea). Interestingly, in experiments
where there has been no advantage to feeding bacterial
DFM (Morrill et al., 1977; Jenny et al., 1991), calves
were generally experiencing no health problems.

Rapid adaptation to solid feed by neonatal calves also
depends on the development of the ruminal epithelium
and ruminal capacity. In one experiment (Nakanishi et
al., 1993), lactic acid bacteria added to starter diets
were suggested to affect ruminal function in the young
animal. Holstein calves supplemented with yogurt con-
taining L. acidophilus tended to ruminate more at 30
d than untreated calves, indicating that L. acidophilus
may promote ruminal development. There were no per-
formance benefits associated with the treated calves in
this experiment and any possible microbial changes
were not determined (Nakanishi et al., 1993).

Performance results for neonatal calves consuming
bacterial DFM have been variable. Morrill et al. (1977),
Ellinger et al. (1978), and Abu-Tarboush (1996) re-
ported no improvement in daily gain as a result of feed-



E122

ing lactobacilli. In contrast, Bechman et al. (1977) re-
ported improved (17%) rates of gain when 2.5 x 10!}
cfu/d of L. acidophilus species was added to milk or
milk replacer. Feed efficiency is generally not altered
by feeding DFM to young calves (Jenny et al., 1991,
Abu-Tarboush et al., 1996). Beeman (1985) used 52
Holstein male calves that had a history of diarrhea and
antibiotic therapy to evaluate the effects of feeding a
culture of Lactobacillus on weight gain of calves conva-
lescing from neonatal diarrhea. All animals were
treated with antibiotics for 3 d before the study was
initiated. At the 2-wk evaluation, calves treated with
lactobacilli gained an average of 8.0 kg, whereas control
calves gained an average of 3.5 kg. By d 56 of the experi-
ment, average BW gains were 47.3 and 37.8 kg for
treated and control groups, respectively. These benefits
were hypothesized to result from improvement of intes-
tinal conditions because of lower fecal scores (i.e., less
scouring) in calves fed DFM.

Performance response is likely not important early
in the preruminant’s life when enteric disease is most
prevalent. Improved health and reduction in the inci-
dence or severity of diarrhea, though difficult to mea-
sure for statistical analysis, is most likely a more im-
portant response. As suggested by Newman and
Jacques (1995), more experiments that include detailed
information about the microbial supplement, and fecal
culture data from scouring experimental animals are
needed to determine the usefulness of microbial supple-
ments in neonatal calves.

Milk Yield and Composition in Dairy Cows. Limited
research has evaluated the efficacy of bacterial DFM
for lactating dairy cows. Table 1 summarizes five exper-
iments in which bacterial DFM, or combinations of bac-
terial and fungal DFM, have been fed to lactating cows.
It should be cautioned that all experiments were pub-
lished as abstracts, and therefore information was lim-
ited and not peer reviewed. In general, increased milk
yield has been a consistent response, whereas changes
in milk composition have been variable. Jaquette et al.
(1988) and Ware et al. (1988a) reported that milk yield
was 1.8 kg/d greater for cows fed a diet containing 2.0
x 10 cfu of L. acidophilus (BT1386) per day compared
with those fed a control diet. Dry matter intake and
milk fat and milk protein percentage were not affected
by L. acidophilus (Table 1). In a more recent experi-
ment, Gomez-Basauri et al. (2001) evaluated the effect
of a supplement containing L. acidophilus, L. caset,
Enterococcus (Streptococcus) faecium (total lactic bacte-
ria = 10° cfu/g) and mannanoligosaccharide on DMI,
milk yield, and milk component concentration. Cows
fed lactic acid bacteria and mannanoligosaccharide con-
sumed 0.42 kg less DM and produced 0.73 kg/d more
milk. The authors reported that milk yields increased
over time for DFM- and mannanoligosaccharide-fed
cows, whereas control cows maintained constant milk
yields.

Other experiments have been conducted with combi-
nations of fungal cultures and lactic-acid bacteria (Ko-
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Table 1. Effects of bacterial direct-fed microbials on dry matter intake, milk yield, and composition in lactating dairy cows

Milk

Reference

Diet

Fat, % Protein, %

Yield, kg/d

DML, kg/d

n

Treatment

Jaquette et al. (1988)

Corn silage, alfalfa, pelleted grain

3.34
3.36

3.81
3.75
3.64

29.12

16
16
550

Control
L. acidophilus (BT1386)

30.9°

Ware et al. (1988)

Alfalfa hay, silage, whole cottonseed,

31.82

21.2

Control

grain concentrate, protein

33.6° 3.63

214

550

L. acidophilus (BT1386), 2 x 10° cfu/d

Komari et al. (1999)

Tropical feeding conditions

3.09
3.15
3.13

3.30%

8.20%

Control
S. cerevisae (yeast culture)

3.96°

9.34P

3.57

9.28"
48.9¢

S. cerevisae and L. acidophilus

Block et al. (2000)

3.01*

24.6

32
32

Control

3.27°

49.1¢

25.1

5 x 10° cfu of yeast plus 5 x 10° cfu
of L. plantarum/E. faecium

Control

Gomez-Basauri et al. (2001)

Corn silage, alfalfa/grass hay, crop silage,

3.02

38.8° 4.24¢

25.0%

100

whey, commercial feed blend

39.64 4.344 3.04

24.6°

100

L. acidophilus, L. casei, E. faecium (10° cfu/g)

and mannanoligosccharide

aMeans in a column with different superscripts differ (P < 0.05).
“Means in a column with different superscripts differ (P < 0.10)
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mari et al., 1999; Block et al., 2000). Milk yields were
increased by 1.08 and 0.90 kg/d, respectively, when lac-
tating cows were fed S. cerevisae in combination with
L. acidophilus or 5 x 10° cfu of yeast in combination
with 5 x 10° cfu of L. plantarum/E. faecium.

In contrast to feeding bacterial DFM directly, Colen-
brander et al. (1988) found that treatment of alfalfa
silage with L. acidophilus did not improve DMI, milk
yield, or milk composition in dairy cows, but efficiency
(kg of fat-corrected milk/kg of feed) of milk production
was improved by 7.1%. The L. acidophilus may not have
survived in the silage; thus few, if any, viable cells
would have been consumed.

These studies suggest that bacterial DFM fed alone
or in combination with fungal cultures might be effica-
cious for increasing milk production by lactating dairy
cows. However, studies have been minimal, and more
research is needed before recommendations to dairy
producers should be made.

Bacterial Direct-Fed Microbials
in Beef Production

Stressed Calves. Newly received beef calves entering
the feedlot undergo a variety of stresses, such as recent
weaning, transport, fasting, assembly, vaccination, cas-
tration, and dehorning. Such stresses can alter microor-
ganisms in the rumen and lower gut (Williams and
Mahoney, 1984), resulting in decreased performance
and increased morbidity and death loss. Administration
of bacterial DFM to repopulate the gut might reduce
these changes in the microbial population. In the early
to mid-1980s, several research trials (Crawford et al.,
1980; Hutcheson et al., 1980; Kiesling and Lofgreen,
1981; Davis, 1982; Kiesling et al., 1982; Hicks et al.,
1986) were conducted at different locations to evaluate
the efficacy of a combination bacterial DFM containing
live cultures of L. acidophilus, L. plantarum, L. casei,
and S. faecium. Averaged across all trials, feeding the
DFM at processing, throughout the receiving period
(average = 30 d), or both resulted in a 13.2% increase
in daily gain, 2.5% increase in feed consumption, and
a6.3% improvement in feed:gain (Fox, 1988). The great-
est performance response to the bacterial DFM gener-
ally occurred within the first 14 d of the receiving period
(Crawford et al., 1980; Hutcheson et al., 1980). Morbid-
ity was reduced by 27.7% in cattle receiving the bacte-
rial DFM compared with control cattle. However, it
should be pointed out that morbidity was generally low.
Similarly, Gill et al. (1987) fed a bacterial DFM during
a 28-d receiving period and reported a 9.3% increase
in daily gain, 9.5% improvement in feed efficiency, and
a 10.9% reduction in morbidity. In contrast, other re-
search has shown no performance response to feeding
bacterial DFM to newly weaned (Dew and Thomas,
1981; Kercher et al., 1985; 1986) or newly received
(Kiesling and Lofgreen, 1981; Krehbiel et al., 2001)
feedlot calves.
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In a more recent experiment (Krehbiel et al., 2001),
466 newly received calves from southern Oklahoma and
northern Texas auction barns were received and used
to study the effects of administering 5 x 10° cfu lactic
acid-producing bacteria (E. faecium, L. acidophilus, Bi-
fidobacterium thermophilum, and B. longum) on health
and performance. Daily gain did not differ among calves
receiving DFM vs. no DFM. However, calves treated
with DFM during their first antimicrobial treatment
were less likely to be treated a second time within 96
h. In addition, the number of calves treated twice
tended to be lower for calves administered DFM com-
pared with calves not receiving DFM. These data sug-
gested that DFM might improve recovery of morbid
newly received feedlot calves.

Dose titration studies for bacterial DFM fed to newly
received calves are limited and more are needed. Orr
et al. (1988) showed a quadratic relationship for daily
gain when lightweight (185 kg) steer calves were fed
0, 2.2 x 10%, 2.2 x 108, or 2.2 x 10'° cfu of L. acidophilus
daily. Daily gain was significantly greater for calves fed
2.2 x 108 or 2.2 x 108 cfu of L. acidophilus than when
control or 2.2 x 10'° cfu was fed. Feed intake and feed
efficiency did not differ among treatments (Orr et al.,
1988). In contrast, Lee and Botts (1988) showed a simi-
lar improvement in performance over control animals
when 2.2 x 108, 2.2 x 10°, or 2.2 x 10 cfu of S. faecium
was fed.

Although studies are limited, these results suggest
that the addition of bacterial DFM to the diet can im-
prove health and performance of stressed stocker
calves. Similar to the neonatal calf, response to bacte-
rial DFM might be greater when newly weaned and/or
received beef calves are more prone to health problems.
However, Gill et al. (1987) suggested that extremely
healthy calves and extremely sick calves might be less
likely to respond to DFM treatment.

Feedlot Cattle. Supplementing diets on a daily basis
with lactate-producing and/or lactate-utilizing bacteria
has recently been shown to improve feed efficiency and
daily gain of feedlot cattle (Swinney-Floyd et al., 1999;
Galyean et al., 2000; Rust et al., 2000a,b). Ware et al.
(1988b) was one of the first to report that L. acidophilus
BT1386 increased daily gain and improved feed effi-
ciency in yearling steers fed a high-concentrate diet
compared with controls. However, L. acidophilus did
not affect DMI, USDA yield grade, USDA quality grade,
dressing percentage, marbling score, or incidence of
liver abscesses. More recent experiments have evalu-
ated the efficacy of Propionibacteria species fed alone
or in combination with Lactobacillus species (Swinney-
Floyd et al., 1999; Galyean et al., 2000; Rust et al.,
2000a,b). Swinney-Floyd et al. (1999) showed improve-
ments in feed efficiency when feedlot steers were sup-
plemented with a combination of L. acidophilus 53545
and P. freudenreichii P-63. During the first 10 d of high-
concentrate feeding, daily gains were 0.93, 1.11, and
1.63 kg/d, and feed efficiencies were 5.17, 5.32, and
4.50 kg daily DMI/kg ADG for control, P. freudenreichii
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Table 2. Distribution of treatment groups by location

Treatments?®
State CON TRT2 TRT3 TRT4 TRT5 TRT6 TRT7
CO No. of pens 8 8 — — — — —
No. of animals/pen 9 9 — — — — —
1A No. of pens 8 — 8 8 — — —
No. of animals/pen 6 — 6 6 — — —
MI 2000 No. of pens 10 10 10 10 — — —
No. of animals/pen 7 7 7 7 — — —
MI 1999 No. of pens 10 — 10 — 10 10 —
No. of animals/pen 7 — 7 — 7 7 —
MI 1998 No. of pens 10 10 10 — — — 10
No. of animals/pen 8 8 8 — — — 8
TX No. of pens 12 12 12 12 — — —
No. of animals/pen 5 5 5 5 — — —
Total No. of pens 58 40 50 30 10 10 10
No. of animals/pen 400 282 328 178 70 70 80

aTreatments are as follows: CON = control; TRT 2 = 10° P. freudenreichii (PF24) + 108 L. acidophilus
(LA45) cfu-animal™-d™!; TRT 3 = 10° PF24 + 10% LA45 + 10% LA51 cfu-animal™-d™'; TRT 4 = 10° PF24 +
10* LA45 + 10* LA51 cfu-animal™-d™%; TRT 5 = 10° PF24 + 2 x 10 LA 51 cfu-animal™-d™'; TRT 6 = 10°
PF24 + 10° LA45 + 10% LA51 cfu-animal™-d™!; and TRT 7 = 10° PF24 + 108 LA45 + 10® LA51 cfu-

animal -d%.

alone, and the combination of P. freudenreichii and L.
acidophilus, respectively. Feed efficiencies for the 120-
d experiment were 5.17, 5.32, and 4.97 kg daily DM/
kg ADG, and liver abscesses at harvest were 8, 8, and
0% for the respective treatments.

Data from six research trials (n = 1,249; 184 pens)
conducted in four states (CO, IA, MI, and TX) were
assembled to summarize the effects of varying concen-
trations and strains of L. acidophilus (LA45 and LLA51)
and P. freudenreichii (PF24) on feedlot performance
and carcass characteristics of feedlot steers (McPeake
et al., 2002). Treatments represented and their distri-
bution across locations are shown in Table 2. Data were
analyzed using the mixed model procedure for repeated
measures (SAS Inst., Inc., Cary, NC). Because of un-
equal replication of treatments at each location, the
year and location were compressed to allow for data
analysis across experiments. Feedlot data were ana-
lyzed using initial weight as a covariate to account for
location differences in starting weight. Least squares
means were separated using the Tukey adjustment fac-
tor for selected treatments. Orthogonal contrasts in-
cluded control (CON) vs. all DFM treatments; CON vs.
10° PF24, 10° LA45, and 10° LA51 cfu-animal™-
d! (TRT3); 10° PF24 and 10° LA45 cfu-animal™-d!
(TRT2) vs. TRTS; and the linear relationship between
10° PF24, 10* LA45, and 10* LA51 cfu-animal!-d™!
(TRT4), TRTS, and 10° PF24, 10® LA45, and 10% LA51
cfu-animal™-d™! (TRT7), respectively.

From d 0 to 28, cattle fed TRT2 had greater (P <0.05)
DMI than cattle fed TRT3, TRT4, or 10° PF24 and 2 x
10° LA51 cfu-animal™-d™ (TRT5; Table 3). Dry matter
intakes were greater (P < 0.05) for steers fed TRT5
or 10% PF24, 10° LA45 and 10° LA51 cfu-animal™-d™*
(TRT6) vs. CON, TRT2, TRT3, or TRT4 from d 57
through 84. Cattle fed treatments CON through TRT6

were more efficient than cattle consuming TRT7 from
d 57 through 84. Dressing percentage (P =0.62), quality
grade (P = 0.59), and percentage USDA Choice (P =
0.73) were not influenced by bacterial DFM (data not
shown). However, hot carcass weight (HCW, kg) (P =
0.04) and carcass ADG (kg/d) (P = 0.12) were 346, 349,
350, 350, 349, 344, and 350, and 1.58, 1.61, 1.63, 1.62,
1.62, 1.62, 1.56, and 1.62 for CON through TRT7, re-
spectively.

Contrasts performed to estimate differences between
CON steers and steers receiving diets inoculated with
DFM revealed greater (P = 0.007) final live weight,
overall ADG (P = 0.02), overall DMI (P = 0.07), HCW
(P =0.02), and carcass ADG (P =0.05) for treated steers
(Table 4). In addition, contrasts for steers receiving
TRT3 compared with CON revealed greater (P =0.007)
final live weight, overall ADG (P = 0.02), HCW (P =
0.008), and carcass ADG (P =0.01) for steers inoculated
with the DFM. Calculated feed energy values (NE,,, P
=0.12; NE;, P=0.07; ME, P = 0.08) tended to be greater
for diets containing DFM. There were no effects (P >
0.10) of feeding LLA45 compared with LLA45 and LA51.
Interestingly, a positive linear effect (P = 0.05) was
observed for DMI with increasing L. acidophilus. How-
ever, this resulted in a trend (P = 0.12) for a linear
increase in DMI:ADG. Diet NE, (P =0.14) and ME (P =
0.16) tended to increase with increasing L. acidophilus.
Results of these analyses suggest that feeding combina-
tions of lactic acid- and propionic acid-producing bacte-
ria in diets of growing/finishing cattle might improve
growth rate (2.6%) and carcass weight (6 kg) in feed-
lot steers.

Huck et al. (2000) studied the effects of phase feeding
of bacterial DFM on growth performance and carcass
characteristics of finishing heifers. Lactobacillus acido-
philus BG2FO4 and P. freudenreichii P-63 were fed



Direct-fed microbials, health, and performance

E125

Table 3. Least squares means and standard errors for the effects of bacterial direct-fed
microbials on feedlot performance of crossbred feedlot steers

Treatments?
Ttem CON TRT 2 TRT 3 TRT 4 TRT 5 TRT 6 TRT 7
Final wt., kg 568 + 2.99 574 + 3.05 575 + 3.01 573 + 3.31 575 + 5.19 572 + 5.51 574 + 4.61
DMI, kg/d
d 0to 28 7.99 + 0.14> 841 + 0.16>  7.67 * 0.15° 7.63 + 0.17¢ 7.39 + 0.27° 7.74 + 0.25"  8.01 + 0.26"
d 29 to 56 9.09 + 0.14 9.38 + 0.16 9.05 + 0.15 8.94 + 0.17 8.61 + 0.27 8.84 + 0.25 9.15 + 0.26
d 57 to 84 9.86 + 0.14° 9.83 + 0.16° 10.19 + 0.15° 9.82 + 0.17° 11.40 + 0.27° 1143 + 0.25° 10.32 + 0.26™
d 85 to harvest 9.66 + 0.14 9.60 + 0.16 10.08 + 0.15  10.11 + 0.17 9.54 + 0.27 9.47 + 0.25 10.63 + 0.26
d 0 to harvest 9.22 + 0.06 9.38 + 0.08 9.32 + 0.07 9.21 + 0.10 9.30 + 0.18 9.43 + 0.18 9.59 + 0.16
ADG, kg
d 0to 28 1.90 + 0.04 2.03 + 0.05 1.90 + 0.05 1.81 + 0.07 1.98 + 0.07 1.79 + 0.06 1.99 + 0.09
d 29 to 56 1.79 + 0.04 1.80 + 0.05 1.87 + 0.05 1.86 + 0.07 1.81 + 0.07 1.94 + 0.06 1.84 + 0.09
d 57 to 84 1.62 + 0.04 1.54 + 0.05 1.62 + 0.05 1.71 + 0.07 1.68 + 0.07 1.66 + 0.06 1.38 + 0.09
d 85 to harvest 1.21 + 0.04 1.30 + 0.05 1.32 + 0.05 1.32 + 0.07 1.31 + 0.07 1.25 + 0.06 1.47 + 0.09
d 0 to harvest 1.56 + 0.02 1.59 + 0.02 1.61 + 0.06 1.58 + 0.06 1.61 + 0.06 1.60 + 0.06 1.60 + 0.06
Feed:gain
d 0to 28 4.32 + 0.17 4.26 + 0.19 411 + 0.18 4.47 + 0.24 3.75 + 0.37 4.40 + 0.38 3.83 + 0.35
d 29 to 56 5.17 + 0.17 5.26 + 0.19 497 + 0.18 5.04 + 0.24 4.83 + 0.37 456 + 0.38 484 + 0.35
d 57 to 84 6.45 + 0.17° 6.76 + 0.19°  6.48 + 0.18" 5.90 + 0.24° 7.07 + 0.37° 7.01 + 0.38° 8.29 + 0.35°
d 85 to harvest 8.18 + 0.17 7.53 + 0.19 7.98 + 0.18 8.02 + 0.24 7.75 + 0.37 7.98 + 0.38 7.37 + 0.35
d 0 to harvest 6.02 + 0.04 6.01 + 0.05 5.91 + 0.05 5.89 + 0.07 5.87 + 0.12 5.98 + 0.12 6.09 + 0.11
Feed NE,,, Mcal/kg?  2.39 + 0.02 2.40 + 0.03 2.45 + 0.03 2.44 + 0.04 2.47 + 0.06 2.39 + 0.06 2.35 + 0.06
Feed NE,, Mcalkg! 152 + 0.01 1.52 + 0.01 1.54 + 0.01 1.54 + 0.01 1.55 + 0.02 1.52 + 0.02 1.50 + 0.02
Feed ME, Mcal/kg?  3.38 + 0.02 3.39 + 0.02 3.42 + 0.02 3.41 + 0.03 3.44 + 0.05 3.38 + 0.05 3.34 + 0.04

2Treatments are as follows: CON = control;

TRT 2 = 10° P. freudenreichii (PF24) + 10° L. acidophilus (LA45) cfu-animal™-d™!; TRT 3 = 10°
PF24 + 10° LA45 + 10% LA51 cfu-animal *-d"}; TRT 4 = 10° PF24 + 10* LA45 + 10* LA51 cfu-animal™-d"}; TRT 5 = 10° PF24 + 2 x 106 LA 51
cfu-animal™-d™!; TRT 6 = 10% PF24 + 10° LA45 + 10 LA51 cfu-animal™-d™!; and TRT 7 = 10° PF24 + 10° LA45 + 10% LA51 cfu-animal™-d™".

bMeans in a row with different superscripts differ (P < 0.05).

dValues for feed NE,,, NE,, and ME (DM basis) were calculated from performance data.

alone or in sequence across a 126-d finishing experi-
ment. Treatments included: 1) no bacterial DFM; 2) 5
x 108 cfu-animal™*-d™! of L. acidophilus fed during the
entire experiment; 3) 1 x 10° cfu-animal™-d™! of P. freu-
denreichii fed during the entire experiment; 4) L. acido-
philus fed for 28 d, then P. freudenreichii for the remain-
der; or 5) P. freudenreichii fed for 28 d, then L. acido-
philus for the remainder. Feeding either L. acidophilus
BG2FO04 or P. freudenreichii P-63 throughout the entire
experiment did not affect daily gain, DMI, or feed effi-
ciency. Feeding P. freudenreichii for 28 d followed by L.
actdophilus improved daily gain, but not feed efficiency,
compared with controls. Heifers fed L. acidophilus for
28 d followed by P. freudenreichii had greater gain
(5.0%) and improved feed efficiency (5.1%) compared
with controls. These authors suggested that growth per-
formance of finishing cattle could be improved by tar-
geting the appropriate DFM to a particular phase of pro-
duction.

In summary, these results suggest that feeding bacte-
rial DFM to feedlot cattle results in a 2.5 to 5% increase
in daily gain and an approximately 2% improvement in
feed efficiency, whereas DMI is inconsistent. In studies
reviewed, 