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ABSTRACT This report will review the history of anti-
biotic growth promoter (AGP) use in the animal industry,
concerns about development of antimicrobial resistance,
and response in the European Union and United States
to these concerns. A brief description of the history of
legislation regarding feed use of antimicrobials in Den-
mark and the experience of animal producers following
the 1998 ban will serve to illustrate the consequences
on animal performance and health of withdrawing the
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INTRODUCTION

Antibiotic growth promotion in agricultural animal
production has been practiced for about 50 yr in the
United States and other countries. Early indications of a
beneficial effect on production efficiency in poultry and
swine were reported by Moore et al. (1946) and Jukes et
al. (1950). One of the first reports of resistance in food
animals was made by Starr and Reynolds (1951) after
experimental feeding of streptomycin in turkeys. Other
researchers (Barnes, 1958; Elliott and Barnes, 1959) have
reported an association of resistance to tetracycline when
growth-promoting levels of antibiotic are fed to chickens.
Early concerns about the development of antibiotic resis-
tance in human pathogens and recommendations to ban
subtherapeutic use in animal feeds were discussed by
Swann in a report to the British Parliament (1969). Indeed,
evidence exists that antibiotic resistance genes can be and
are transmitted from animal to human microbiota (Greko,
2001). Monitoring and identifying resistance mechanisms
and their dissemination into the food chain were recently
reviewed by Roe and Pillai (2003). Pathogenic bacteria
resistant to a number of antimicrobial agents emerged
worldwide in the 1980s (Aarestrup, 2003). As these were
detected, several reports were published recommending
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approval for this use. The biological basis for antibiotic
effects on animal growth efficiency will consider effects
on intestinal microbiota and effects on the host animal
and will use the germ-free animal to illustrate effects of
the conventional microflora. The probability that no sin-
gle compound will replace all of the functions of antimi-
crobial growth promoters will be considered, and
methods to consolidate and analyze the enlarging data-
base will be discussed.

a ban on antimicrobial use in food animals as a precau-
tionary measure.

In the United States, recommendations to reduce or
eliminate the use of antimicrobials in feed were made in
2 reports by the Institute of Medicine (1980, 1989), a Coun-
cil for Agricultural Science and Technology report (1981),
and a Committee on Drug Use in Food Animals report
(1998). The reports did not present data proving that
resistant microorganisms selected during the use of anti-
biotic growth promoters (AGP) in food animals cause
antibiotic-resistant infections in humans. In fact the rela-
tionship is still under vigorous debate (Alpharma, 2004;
Dawe, 2004, Phillips et al., 2004; Vaughn and Copeland,
2004). Recent meetings of the Poultry Science Association
and Western Poultry Disease Conference (WPDC) in-
cluded sessions on the issue, and reports from these and
other proceedings discuss the significance of existing sci-
entific evidence that antibiotic resistance in feed animals
is associated with resistant infections in humans (Cervan-
tes, 2004). The proceedings from the WPDC contain re-
ports presenting scientific and political information from
both sides of the debate (WPDC, 2004).

The World Health Organization (WHO) published a
report on the medical impact of the use of antimicrobials
in food animals suggesting a link between the two on an
epidemiological basis (1997). This report (World Health
Organization, 2000) recommends, on precautionary

Abbreviation Key: AGP = antibiotic growth promoter; DANMAP =
Danish Integrated Antimicrobial Resistance Monitoring and Research
Programme; EU = European Union; GI = gastro intestinal; SCFA = short
chain fatty acids; WHO = World Health Organization; WPDC = Western
Poultry Disease Conference.
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grounds, that national governments adopt a proactive
approach to reduce the need for antimicrobial use in ani-
mals and establish surveillance of antimicrobial usage
and resistance. With respect to the use of antimicrobial
growth promoters, WHO suggests that use of antimicro-
bial growth promoters that are in classes also used in
humans be terminated or rapidly phased out, by legisla-
tion if necessary, unless and until risk assessments are
carried out (World Health Organization, 2000). The orga-
nization also suggests that animal health management
should be routinely practiced so as to avoid the prophy-
lactic use of antimicrobials, and antimicrobial availability
should be limited to therapeutic use by prescription. The
recommendations are precautionary, based on the poten-
tial for a reservoir in food animals of an antibiotic resistant
bacterial population (primarily enterococci) that could be
transferred to humans.

ANTIMICROBIAL GROWTH PROMOTER
USE IN DENMARK

AND THE EUROPEAN UNION

Voluntary and Legislated Bans
of Antimicrobial Growth Promoters

The first nation to eliminate the use of antimicrobials
for growth promotion was Sweden in 1986 (Aarestrup,
2003). In 1993, there were reports of glycopeptide-resis-
tant enterococci (GRE) isolated from food animals in Eng-
land (Bates et al., 1993). This finding was unexpected
because glycopeptides were not approved for use in ani-
mals to treat infections. Avoparcin, however, was in use
as an antimicrobial growth promoter (Aarestrup, 2003).
In response to the reports of GRE, a survey of avoparcin
resistance was conducted using isolates from conven-
tional and organic poultry farms (Aarestrup, 1995). No
connection was made between the resistance in bacteria
from food animals and infection in humans. Nevertheless,
the findings led to the first ban on an antimicrobial growth
promoter. Avoparcin was banned in Denmark in 1995.
The avoparcin ban was in response to concerns that its
use created an animal reservoir of GRE and that this was
a potential risk to public health (World Health Organiza-
tion, 2003). In 1997 the Commission of the European
Union banned avoparcin in all European Union (EU)
member states. In January 1998 Denmark banned the anti-
microbial growth promoter virginiamycin, and in Febru-
ary 1998 Danish cattle and chicken producers voluntarily
stopped use of all antimicrobial growth promoters as
did producers of swine for finisher pigs (World Health
Organization, 2003). In July and September 1999, other
individual growth promoters were banned by the EU
Commission because they belonged to classes of antimi-
crobials also used in humans (tylosin, spiramycin, bacitra-
cin, and virginiamycin) or were considered unacceptable
occupational toxicity risks (olaquindox and carbadox). In
December 1999, the Danish swine industry voluntarily
stopped the use of all remaining antimicrobial growth
promoters in swine under 35 kg (World Health Organiza-

tion, 2003). Thus, Denmark has restricted the use of anti-
microbials to therapeutic use, by prescription only, since
January 2000. Use of anticoccidials in the poultry industry
is still permitted. The EU Commission plans to withdraw
approval for the remaining AGP, including some iono-
phore antibiotics, in EU member nations in 2006 (Cervan-
tes, 2004).

Actual Usage of Antimicrobials in Denmark
Before and After January 2000

Denmark began surveillance of antimicrobial use in
food animals in 1995 with the formation of the Integrated
Antimicrobial Resistance Monitoring and Research Pro-
gramme (DANMAP, 2002). Prior to the ban (1994), total
usage of antimicrobials in food animals was 205,686 kg
compared with a total use of 94,200 in 2001 (World Health
Organization, 2003; Angulo, 2004), a reduction of 54%. In
terms of therapeutic use of specific antimicrobials, Table 1
shows the usage (kg of active compound) for treatment
of food animals from 1994 through 2002 (DANMAP,
2002). Use has increased, before and after the AGP ban,
although there is relatively little change between 2001
and 2002. The use of antimicrobials in aquaculture was
not included in the survey before 2001(DANMAP, 2002).
How much of the increase between 2000 and 2001 is due
to that addition is not clear. The increase in antimicrobial
use has included some (e.g., penicillins and macrolides)
that are also used in human medicine (DANMAP, 2002).
Thus it appears that loss of AGP has resulted in some
increase in therapeutic use (Table 1; a 5% increase). It will
be interesting to follow the data in future years. Certainly
the WHO is continuing to pressure the industry to reduce
consumption, encouraging management changes to re-
duce therapeutic use of antimicrobials (World Health Or-
ganization, 2000). Denmark may represent the best
opportunity to gauge the effect of banning AGP because
addition of new member states over the past 2 yr will
make therapeutic antimicrobial usage for the EU very
difficult to interpret, and historical data on use as AGP
among new members are likely to be incomplete.

Consequences for Animal
Productivity and Health

For the broiler industry in Denmark, productivity (kg
of broilers produced/m2 per grow out) has not been af-
fected by the ban of AGP nor has livability (Emborg et
al., 2002). Feed conversion, however (total kg of feed used
per grow out/total kg of live weight per grow out), did
increase by 0.016 kg/kg from November 1995 to May
1999 (1.78 to 1.796). There was very little additional
change from 1999 to June 2002 (Emborg et al., 2002). It
should be noted that feed efficiency went to highs of 1.83
immediately after the ban and to more than 1.84 in late
1999 (Emborg et al., 2002).

Based on mortality records, fatalities due to necrotic
enteritis did not increase after the AGP ban. It should be
noted, however, that the consumption of the ionophore
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TABLE 1. Trends in the Therapeutic use of antimcrobial compounds1

in food animals in Denmark (WHO, 2003)

Compound 1994 1996 1998 1999 2000 20012 20022

Tetracyclines 36,500 12,900 12,100 16,200 24,000 28,300 24,300
Penicillins, β-lactamase sensitive 9,400 7,200 14,300 14,700 15,100 16,000 16,900
Other penicillins, cephalosporins 4,400 5,800 6,700 6,600 7,300 8,700 9,800
Sulfonamides and trimethoprim 9,500 4,800 7,700 6,800 7,000 9,400 10,400
Sulfonamides 5,600 2,100 1,000 1,000 1,000 900 850
Macrolides, lincosamides, tiamulin 11,400 7,600 7,100 8,700 15,600 19,900 21,200
Aminoglycosides 8,600 7,100 7,800 7,500 10,400 9,600 9,200
Others 4,400 600 650 350 300 900 1,600
Total 89,900 48,000 57,300 61,900 80,700 93,700 94,300

1Only veterinary drugs are included, excluding drugs obviously used in pets (kg of active product).
2Does not include consumption in aquaculture before 2001.

anticoccidial salinomycin, which has activity against Clos-
tridium perfringens (Watkins et al., 1997; Elwinger et al.,
1998; Martel et al., 2004), has increased steadily in Den-
mark since the ban on AGP. Use of salinomycin in 1996
was 4,500 kg (active compound) and was 11,213 kg in
2002 (DANMAP, 2002). This increase may reflect attempts
by producers to use the drug to control necrotic enteritis
since the AGP ban in Denmark in 1999.

Finally, these relatively positive health and productiv-
ity results for poultry are in contrast to those for swine, in
which withdrawal of AGP from weaner pigs is associated
with a decline in average daily gain from 422 g in 1995
to 415 g/d in 2001 and an increase from 2.7 to 3.5% in
mortality over the same period (Callesen, 2003).

ANTIMICROBIAL GROWTH PROMOTERS
IN THE UNITED STATES

There has been relatively little regulatory activity re-
garding AGP use in the United States. Recently, the use
of fluoroquinolones has been examined, and their use as
therapeutic agents may be discontinued, based on their
similarity to drugs used in humans to treat bacterial infec-
tions. The relationship of fluoroquinolone use and human
health or food safety is still vigorously debated (Vaughn
and Copeland, 2004). It is clear, however, that the practice
of using AGP in general is under scrutiny in the United
States (Angulo, 2004) and that consumer pressure is af-
fecting commerce to remove AGP from animal feeds. For
example, Internet web sites for McDonald’s Corporation
and for KFC both have statements claiming that they do
not accept chicken meat grown using AGP (KFC, 2002;
McDonald’s Corporation, 2003). Even if no other regula-
tions are forthcoming, the largest consumers of poultry
have mandated their removal from much of the broiler
feed in the United States. Producers in any country that
seek export markets will be forced to give up AGP if they
are to sell to the EU and many other markets.

FUTURE OF ANTIMICROBIAL GROWTH
PROMOTERS WORLDWIDE

On a global level, a recent joint workshop was held
involving the WHO, Food and Agriculture Organization

of the United Nations (FAO), and the World Organization
for Animal Health (OIE) on nonhuman antimicrobial us-
age and antimicrobial resistance (World Health Organiza-
tion, 2004). The resulting report recommends
implementation of the WHO global principles for the
containment of antimicrobial resistance in animals in-
tended for food (World Health Organization, 2004). These
principles include the withdrawal from food animal pro-
duction of AGP that are in classes also used to treat human
disease unless and until a risk assessment is carried out
(World Health Organization, 2000). In addition, the report
recommends the implementation on a national level of
risk assessment studies and establishment of surveillance
programs to monitor AGP use and antimicrobial resis-
tance in bacteria from food animals (World Health Orga-
nization, 2004). The use of risk assessment models in
evaluating and regulating food animal antibiotics has
been reviewed recently (Cox, 2004).

The reality that AGP use is being curtailed by market
actions, if not legislative, has led to a new urgency in
the search for replacements. Among the candidates for
replacement, organic acids appear to have the most wide-
spread acceptance at this time (Dibner and Buttin, 2002;
Dibner, 2003). Any replacement for AGP would have to
provide an improvement in feed efficiency that is eco-
nomically viable. If the replacement does not have antimi-
crobial properties, other concerns, such as incidence of
enteric diseases and airsacculitis, will have to be ad-
dressed with the continued use of ionophores, manage-
ment changes, or both. A recent review of the major
categories of replacement candidates and methods to se-
lect among them has been provided by Rosen (2004).
The review points out the need for analysis of numerous
candidates simultaneously rather than evaluating the ac-
cumulating database one study at a time. This would
involve the inclusion of all properly controlled test data
available using a multifactorial model (Rosen, 2004). The
strength of the argument is that the relevant properties
of AGP (i.e., improved efficiency, gain, and livability)
would be the basis for selection, and that combinations
of candidates could be identified. The mode of action of
AGP, which is of theoretical interest and the subject of
the rest of this report, is in fact incidental to the issue of
rapidly identifying replacement combinations.

 by guest on M
arch 14, 2015

http://ps.oxfordjournals.org/
D

ow
nloaded from

 

http://ps.oxfordjournals.org/


SYMPOSIUM: ANTIBIOTICS IN ANIMAL FEEDS: ARE THERE VIABLE ALTERNATIVES? 637

BIOLOGICAL BASIS FOR ANTIBIOTIC
EFFECTS ON ANIMAL
GROWTH EFFICIENCY

Introduction

Orally ingested antibiotics promote growth and effi-
ciency of poultry and other animals. The effect can include
gain but often is limited to feed efficiency effects only.
The mechanism of action must be focused on the gut
because some of these antibiotics are not absorbed. Fol-
lowing early demonstrations that oral antibiotics do not
have growth-promoting effects in germ-free animals
(Coates et al., 1955; Coates et al., 1963), studies of the
mechanism for growth promotion have focused on inter-
actions between the antibiotic and the gut microbiota.
Thus, direct effects of AGP on the microflora can be used
to explain decreased competition for nutrients and reduc-
tion in microbial metabolites that depress growth (Visek,
1978a; Anderson et al., 1999). Additional AGP effects that
also occur in germ-free animals include reduction in gut
size, including thinner intestinal villi and total gut wall
(Coates et al., 1955). This may be due, in part, to the loss
of mucosa cell proliferation in the absence of luminal
short chain fatty acids derived from microbial fermenta-
tion (Frankel et al., 1994) The reduction in gut wall and
villus lamina propria has been used to explain the en-
hanced nutrient digestibility observed with AGP (Jukes
et al., 1956; Franti et al., 1972; Anderson et al., 1999).

Finally, a reduction in opportunistic pathogens and
subclinical infection has also been linked to use of AGP.
It should be noted that injection of bacterial metabolites
such as lipopolysaccharides or immune mediators such
as interleukin-1 can mimic the reduced efficiency of an
animal with a conventional microflora and no antimicro-
bial in the diet (Roura et al., 1992), which illustrates the
importance of the host response to the microflora as an-
other factor limiting growth efficiency. The reduction in
microflora, and its consequences, may be the underlying
mechanism for beneficial effects of antibiotics.

Gastrointestinal Microflora

The gastrointestinal (GI) tract of vertebrate animals
contains a species-diverse group of microflora, although
bacteria, and particularly gram-positive bacteria, pre-
dominate (Savage, 1977; Mackie et al., 1999). As many
as 500 bacterial species exist in the GI microflora, with
numbers up to 1010 to 1012 bacterial cells/g of colonic
content or feces (Moore and Holdeman, 1974; Savage,
1977; Lee, 1984; Jensen, 2001). These numbers are consis-
tent with the estimation that bacterial cells outnumber
host cells by 10:1 (Gaskins, 2001). The bacterial population
influences a variety of immunological, physiological, nu-
tritional, and protective processes of the GI tract and
exerts profound effects on the overall health, develop-
ment, and performance of monogastric animals. Indeed,
experiments comparing conventionally reared versus
sterile (germ-free) animals have demonstrated that com-

mensal bacteria play important roles in organ, tissue, and
immune system development, as well as providing a vari-
ety of nutritional compounds (Gaskins, 2001; Snel et al.,
2002).

The benefits imparted by normal microflora come at a
great cost to the animal, even under ideal conditions. The
commensal bacteria compete with the host for nutrients,
secrete toxic compounds, and induce an ongoing im-
mune/inflammatory response in the GI tract. All of these
costs negatively impact animal health and performance.
Two important areas for future research are 1) to deter-
mine the optimal microflora for animal health and perfor-
mance under commercial growth conditions (in other
words, to discover the microflora that maximize the bene-
fits while minimizing the costs) and 2) to develop dietary
and other interventions to foster development of this mi-
croflora.

Early Colonization and Succession

The young animal is exposed to a succession of micro-
bial populations in the gut. These population waves are
remarkably similar in the GI tracts of chicks, piglets,
calves, and humans (Mackie et al., 1999); exert profound
influences over animal development and health; and im-
pact growth performance. Prior to hatch or birth, the GI
tract of poultry and swine is sterile (Kenworthy and
Crabb, 1963; Kelly and King, 2001). Bacteria from the
environment, the mother (in case of mammals), and the
diet begin to colonize the GI tract almost immediately.
By 5 to 6 hours postbirth, an animal’s feces are populated
with 109 to 1010 cfu/g of feces (Snel et al., 2002). Aerobic
and facultative anaerobes including Escherichia coli, lacto-
bacilli, and streptococci all colonize immediately after
birth (Smith and Jones, 1963; Mackie et al., 1999). Num-
bers are low—between 102 and 105 cfu/mL of digesta—
but these numbers rapidly increase. These species provide
a reduced environment, which in turn allows for estab-
lishment of the obligate anaerobes that appear some time
later, and that constitute the predominant species of the
stable microflora, at least in the small intestine. These
genera include the Bacteroides, Bifidobacterium, and Clos-
tridium. Overall, numbers of each group increase rapidly
as the animal grows. Pederson and Tannock (1989) re-
ported that the number of lactobacilli in esophagus, stom-
ach, duodenum, jejunum, and ileum of piglets increased
10-fold between d 1 and 10 after birth.

It is interesting to note that although the environment
plays a significant role in the order of species colonization,
animals appear to have powerful selection mechanisms
to ensure a proper sequence of succession. For example,
in a study comparing sterilely born piglets raised off their
sows, to vaginally born piglets raised on the sows, both
sets of piglets exhibited a similar progression of microbial
colonization (Ducluzeau, 1985). E. coli and Streptococcus
populations established rapidly, followed later by Lacto-
bacillus and Clostridium, in both sets of piglets. Clostridium
failed to become predominant in the sow-reared piglets
even though they were among the dominant species in
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the sow’s feces and on the sow’s teats. Whatever the
mechanisms are that provide for this orderly succession,
the end result generally is a stable, diverse population of
species that serve to protect the animal from the establish-
ment of pathogenic species of bacteria. On a gross level,
the microflora species present are similar across many
species (Gaskins, 2001). Nevertheless, significant animal
to animal variations do occur (Zhu et al., 2002).

Composition. There have been many attempts to esti-
mate the overall proportions of different bacterial species
in the GI tract of animals. These estimates are controver-
sial, and numbers reported depend heavily on the specific
GI sites that are sampled and the measuring techniques
employed (traditional culturing methods vs. newer mo-
lecular techniques, for instance). For example, the propor-
tion of E. coli in the gut has been estimated to be as
low as 1% (Jensen, 1999) and up to 22% (Jensen, 2001).
Nevertheless, it is commonly reported that the major bac-
terial groups in the pig GI tract include (in order of preva-
lence, according to Gaskins): Streptococcus, Lactobacillus,
Eubacterium, Fusobacterium, Bacteroides, Peptostreptococcus,
Bifidobacterium, Selenomonas, Clostridium, Butyrivibrio, and
Escherichia (Moore et al., 1987; Stewart, 1997; Gaskins,
2001; Jensen, 2001; van der Klis and Jansman, 2002).

Different species are preferentially localized to different
areas of the GI tract, and not all areas are as heavily
colonized as others. Compared with the large intestine,
for example, the stomach and proximal small intestine in
the pig contain relatively few bacteria (103 to 105 cfu/g
of digesta) because of the low pH and fast rate of digesta
passage (Moughan et al., 1992). Here, acid-tolerant Lacto-
bacilli and Streptococci predominate (Fewins et al., 1957;
Gaskins, 2001). The ileum contains a far more diverse
microflora, with greater numbers of cells (108 to 109 cfu/
g). Due to slow rates of digesta passage, the large intestine
(cecum and colon) contains yet even more bacterial cells
(1010 to 1012 cfu/g of digesta), more than 99% of which
are strict anaerobes (Moore and Holdeman, 1974; Savage,
1977; Gaskins, 2001).

In poultry, Enterococci and Lactobacilli are the dominant
species in the crop, duodenum, and ileum during the first
week of life, whereas coliforms, Enterococci, and Lactoba-
cilli are present in high numbers in the ceca (Barnes et
al., 1972; Mead and Adams, 1975; van der Wielen et al.,
2000; Snel et al., 2002). After the first week, a highly
complex group of mostly obligate anaerobes begins to
take over the ceca, whereas lactobacilli take over the crop,
duodenum, and ileum. After 2 to 3 wk, the intestinal
microflora are established and stable (Snel et al., 2002).

Benefits and Costs
Associated with Microflora

Introduction. It is clear that the microflora provide
real benefits to the animal. For example, the microflora
provide both nutrition and protection to the animal, in
the form of fermentation products and prevention of colo-
nization by pathogens, respectively. However, these ben-
efits come at a cost. The GI microflora compete with

the host for other nutrients, stimulate rapid turnover of
absorptive epithelial cells, require an increased rate of
mucus secretion by intestinal goblet cells, and stimulate
immune system development and inflammatory re-
sponses. All of these effects come at the expense of animal
growth performance. For example, GI tissues in the pig
represent only about 5% of the body weight, but they
require 15 to 35% of whole-body oxygen consumption
and protein turnover due to relatively high rates of epithe-
lial cell turnover and metabolism. Furthermore, 90% of
the total protein synthesized by the GI tract is lost due
to mucus secretion and epithelial cell shedding (Gas-
kins, 2001).

Benefits. The first major benefit provided by normal
microbiota is resistance to colonization by pathogenic and
other nonindigenous microbes, a phenomenon also
known as competitive exclusion (van der Waaij et al.,
1971; Lloyd et al., 1977; Rolfe, 1997; Gaskins, 2001; Kelly
and King, 2001; Snel et al., 2002). Many studies have
demonstrated that germ-free animals are far more suscep-
tible to colonization by pathogens than are conventionally
grown animals (Gordon et al., 1966; Koopman et al., 1984).
The specific mechanism(s) by which this protection occurs
have yet to be demonstrated, but many hypotheses have
been proposed. Most believe the resident flora suppresses
colonization by secreting antimicrobial compounds such
as organic acids, by direct stimulation of the immune
system, and by competing for nutrients and attachment to
the mucosal surfaces (Rolfe, 1997; Kelly and King, 2001).

A second benefit is that the normal microflora stimulate
development of intestinal host defenses, including the
mucus layer; the epithelial monolayer; and the lamina
propria, with its system of immune cells that underlie
the epithelium (McCracken and Gaskins, 1999; Kelly and
King, 2001). The mucus layer segregates both normal and
pathogenic microbes away from the animal tissues, the
epithelium provides a barrier to entry into the animal
tissues when the mucus layer has been crossed, and the
underlying network of immune cells provides antibodies,
cytotoxic and helper T cells, and phagocytic cells. These
immune cells combat not only pathogenic bacteria and
their toxins but also the overgrowth of or inappropriate
attachment by the normal microflora. Evidence here is
from studies of germ-free animals, which exhibit delayed
lymphocyte and other immune cell development in the
lamina propria and far fewer IgA-producing cells when
compared to conventionally reared animals (Gordon and
Pesti, 1971; Berg and Savage, 1975; Umesaki et al., 1993;
Rothkotter et al., 1994; Umesaki et al., 1999). For example,
the development of antibody diversity in poultry is inhib-
ited by germ-free growth conditions (Schaffner et al.,
1974; Ekino et al., 1980). Indeed, the majority of evidence
supports the notion that the intestinal immune system
develops in parallel with the development of the normal
microflora. Introduction of even a single species of com-
mensal bacteria into germ-free animals can stimulate the
development of the secretory IgA system (McCracken
and Gaskins, 1999).
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It should be noted, however, that while the microflora-
induced development of the intestinal immune system
may be key to the long-term health of the animal, there
is inherent inefficiency when immune stimulation is
maintained at a chronic level as appears to be the case
in conventional versus germ-free animals (Gordon et al,
1963). The typical adult pig, for example, secretes several
grams of IgA each day, approximately 50% of which is
specific to antigens from the very same resident mi-
croflora. Thus, microflora-specific IgA secretion that is
not directed toward growth can cost the animal several
hundred grams of protein over a lifetime.

A third benefit is the microflora-secreted nutrients that
become available for use by the host. These include short-
chain fatty acids, amino acids as well as vitamins B and
K (Savage, 1986; Wostmann, 1996; Snel et al., 2002). Short
chain fatty acids (SCFA), such as acetate, butyrate and
propionate are highly prevalent anions in the pig colon
produced by anaerobic species that ferment dietary fiber
(Kelly and King, 2001; Sakata and Inagaki, 2001). Like-
wise, the commensal bacteria in broiler chickens also gen-
erate lactate, acetate, propionate and butyrate (Barnes et
al., 1979; van der Wielen et al., 2000). These fatty acids
contribute significantly to the energy supply of the ani-
mal. Furthermore, the undissociated forms of SCFA play
important roles in reducing the numbers of “undesirable”
bacterial species in the cecum (van der Wielen et al., 2000;
Snel et al., 2002). SCFA also stimulate gut epithelial cell
proliferation and villus size, thereby increasing the ab-
sorptive surface area (Galfi and Bokori, 1990; Sakata and
Inagaki, 2001). The extent to which microbial-derived
amino acids contribute to requirements is less clear.

Costs. Despite these many benefits, the microflora im-
poses a variety of costs to the animal as well, in addition
to the immunological disadvantages mentioned above.
These costs include competition for nutrients and the
production of toxic amino acid catabolites, decreased fat
digestibility, and the requirement for increased mucus
secretion and gut epithelial cell turnover. These and other
bacterial-induced effects exact a large toll on animal
health and performance. It has even been proposed that
the reduction in amino acid catabolites and the prevention
of bile catabolism are among the primary mechanisms by
which antibiotics improve animal performance (Visek,
1978a,b; Feighner and Dashkevicz, 1987, 1988; Gaskins et
al., 2002).

It is generally accepted that many bacterial species com-
pete with the host for nutrients (Furuse and Okumura,
1994). Experiments have demonstrated that as much as
6% of the net energy in the pig diet is lost to the microflora,
for example (Vervaeke et al., 1979). Bacteria also compete
with the host for uptake of amino acids, thereby reducing
nitrogen utilization (Furuse and Yokota, 1985). These
amino acids can be incorporated into bacterial protein
(Salter and Coates, 1974). Alternatively, certain bacteria
ferment amino acids, producing toxic catabolites which
can impact intestinal cell turnover and growth perfor-
mance of the animal (Russell, 1983; Macfarlane and Mac-
farlane, 1995; Gaskins, 2001). Examples of these

catabolites include ammonia, a variety of amines, phenols
and indoles. All negatively impact animal health and
performance. Ammonia is produced by amino acid deam-
ination and urea hydrolysis. Evidence exists that high
concentrations of ammonia depress growth (Pond and
Yen, 1987; Veldman and Van der Aar, 1997). This is at least
partly due to an increase in gut epithelial cell turnover in
high ammonia conditions (Visek, 1978b). Toxic amines
are produced by decarboxylation of amino acids. A num-
ber of different bacterial species mediate these reactions,
including Bacteroides, Clostridium, Enterobacterium, Lacto-
bacillus, and Streptococcus. The resulting products include
histamine, cadaverine and many others (Gaskins, 2001).
Increased amine production has been linked to diarrhea
in weanling pigs (Porter and Kenworthy, 1969). Finally,
the production of phenols and indoles, via the breakdown
of aromatic amino acids, is mediated by Bacteroides, Lacto-
bacillus, Clostridium, and Bifidobacterium (Gaskins, 2001).
These compounds can have negative impacts on growth
performance (Yokoyama et al., 1982) and flavor character-
istics of meat (Lundstrom et al., 1988).

The microflora also decreases fat digestibility. Bile acids
and their salts are required for proper fat digestion and
absorption. Once they are secreted into the gut, they are
subjected to catabolism by a variety of bacterial species
but primarily by Lactobacillus (Baron and Hylemon, 1997).
This catabolism reduces lipid absorption (Eyssen, 1973)
and produces toxic degradation products that inhibit
growth performance (Baron and Hylemon, 1997).

Finally, the resident microflora necessitates great in-
creases in mucus secretion and gut epithelial cell turn-
over. Whereas one major function of the mucus layer is
simply to lubricate the GI tract, it also serves to prevent
the microflora from attaching to and invading the intesti-
nal epithelial cells of the host. Because many bacterial
species enzymatically digest away the mucus layer, the
host must constantly secrete more (Gaskins, 2001). Fur-
thermore, the mucin-secreting goblet cells and the absorp-
tive enterocytes on the intestinal villi have a short
lifespan. In fact, the gut epithelium has the fastest rate of
renewal of any tissue in the body (Imondi and Bird, 1966).
This high cell turnover is accompanied by an extremely
high rate of metabolism and protein synthesis, resulting
in 23 to 36% of the whole body energy expenditure (Sum-
mers, 1991; Cant et al., 1996). Remarkably, the turnover
rate, and therefore the energy and amino acids required
for cell turnover, is increased by the presence of commen-
sal microflora (Abrams et al., 1963; Lesher et al., 1964). It
is not clear whether gut epithelium lifespan is shortened
by microbial metabolites or some other factor or influence
brought in by the microflora. The effect may be secondary
to toxic effects of microbial metabolites such as ammonia,
produced by the action of bacterial urease in the intestinal
lumen (Visek, 1978b). Nevertheless, these factors are a
major hindrance to growth performance due to loss of
the protein in endogenous secretions and a high expendi-
ture of metabolic energy.
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Manipulating the Microflora

With respect to animal production, an important goal
is to determine the optimal microflora for the animal
(maximum benefits with minimum costs) and then be
able to manipulate the microflora through diet, supple-
ments, etc. to obtain the desired microflora. Many prod-
ucts, including antibiotics, organic acids, probiotics,
prebiotics, trace minerals, enzymes, herbs and spices, and
others are sold with the goal of altering the microflora
for the benefit of animal health and production. However,
much work still needs to be done with respect to the first
step: not just identifying an optimal microflora, but also
developing quantitation methods.

Where law has not restricted it, the use of antibiotics
is the most common dietary intervention to modulate the
gut microflora. The performance benefits of antibiotics
have been demonstrated for all major livestock species.
For example, a meta-analysis of more than 1,000 growth
experiments performed in swine over a 25-yr period dem-
onstrated that antibiotics improved growth rate in starter
pigs (7 to 25 kg) by an average of 16.4% and feed efficiency
by 6.9% (Cromwell, 2002). There were significant im-
provements for grower and finisher pigs as well. Al-
though the exact mechanism(s) by which antibiotics
promote growth have not been demonstrated, it is pre-
sumed that their effects lie in the reduction of the overall
numbers and/or the numbers of species of gut bacteria
(Visek, 1978a; Jensen, 1998; Close, 2000; Gaskins et al.,
2002; Collier et al., 2003). This notion is supported by the
observation that antibiotics do not promote the growth
of germ-free animals (Coates et al., 1963). As of 1999, it
was estimated that 90% of pig starter diets, 70% of grower
diets, and 50% of finisher diets in the US contained some
form of antibiotics (Dewey et al., 1999). Antibiotic usage
in the broiler industry is also widespread, although it
has declined from the mid-1990s; in the United States,
approximately 60% of all poultry diets contain growth-
promoting antibiotics (Chapman and Johnson, 2002). This
represents a decrease from 1995, in which 93% of starter,
97% of grower, and 86% of finisher diets contained
these drugs.

One recent experiment to investigate the effects of anti-
biotics on the microflora was performed by Gaskins and
colleagues (Collier et al., 2003). In this paper, 4-wk-old
barrows were ileally cannulated and placed on a no-anti-
biotic diet, diets with tylosin, or a weekly rotation of
antibiotics. The effects of the different treatments were
analyzed using two methods from molecular biology:
PCR-denaturing gradient gel electrophoresis (DGGE) and
quantitative PCR. The results of these experiments were
that, relative to the no antibiotic controls, antibiotic treat-
ments reduced species diversity and total numbers of
bacteria, including lactobacilli.

SUMMARY AND CONCLUSIONS

It seems inevitable that use of AGP will decline in the
future. Where legislation is not already in place, consumer

pressure is building to make the practice of using antimi-
crobials economically impractical because of market limi-
tations and export restrictions. This review has
considered the history of AGP use in the EU and the
series of regulations that have been adopted. Economic
consequences for the poultry industry have been rela-
tively minor but are tied to the continued use of anticoc-
cidial ionophores, which also have antimicrobial (i.e.,
growth promoting) effects. Use of germ-free animals to
model the effects of AGP suggests that most of the benefits
of antimicrobials derive from effects on the intestinal mi-
croflora. Finding replacements for AGP will likely involve
the use of multiple products in the diet, each with some
of the benefits of AGP, and management changes will
play a key role in maintaining animal productivity in
their absence. It is unlikely that a single replacement will
be found that will prove to be economically viable.
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