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INTRODUCTION

Since the discovery and development of the first
antibiotics prior to the Second World War, these
drugs have played an important role in curing
diseasein humansand animals. In 1946 experiments
showed that low, subtherapeuticlevelsof antibiotics
could increase feed efficiency and growth in food
animals, and the addition of various antibiotics to
feed for livestock wasinitiated. Because prevention
of disease transmission and enhancement of growth
and feed efficiency are critical in modern animal
husbandry, there has been widespread incorporation
of antibiotics into animal feeds in many countries
(74, 144).

Swinefeedsin the U.S. often contain antibiot-
ics for purposes of disease prevention and growth
promotion. According to datafrom USDA and Ani-
mal Health Institute, antibiotics are currently used
in 90% of starter, 75% of grower and morethan 50%
of finisher feeds for pigs (34, 37, 38, 55, 173).
Antibioticshavea so beenwidely usedinanimal feed
in many other countries although a number of indi-
vidual countries and the European Union have re-
cently restricted the subtherapeutic use of some
antibiotics (3, 138, 147, 156, 166).

Precise figures on the relative amounts of
antibioticsused inhumansandinanimal agriculture
are impossible to obtain. Various estimates have
been calcul ated by the Institute of Medicine (34, 74,
174), the Animal Health Institute, atrade organiza-
tion (172), and the Union of Concerned Scientists
(174). Human use of antibiotics has been estimated
at 1.36-14.64 million kg/yr while estimated antibi-
otic usein animal agricultureis 7.36-11.18 million
kalyr. Although estimatesfrom different sourcesare
not directly comparable, it is clear that there is
significant useof antimicrobial agentsbothin human
medicineand in agriculture. Currently, the potential
for agricultural antibioticsto contributetothedevel-
opment of antibiotic-resistant bacteriaof human con-
cern isthe subject of intense debate and research (3,
74, 163, 166).

DEVELOPMENT OF ANTIBIOTIC
RESISTANCE

Bacteria are very adaptable organisms because of
their very short generation time (aslittle as 15 to 20
minutesfor some speciesunder ideal conditions) and
their propensity for sharing genetic information—
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even among different species of bacteria. The pres-
ence of an antibiotic may kill most of the bacteriain
an environment but the resi stant survivors can even-
tually re-establish themselves and pass their resis-
tance genes on to their offspring and, often, to other
speciesof bacteria. Both medical and veterinary uses
of antibiotics have resulted in the appearance of
resistant strainsof bacteria. Resistant bacteriawhich
are human pathogens may cause diseases that are
difficult totreat; evenif theresistant bacteriaare not
human pathogens, they may till be dangerous be-
cause they can transfer their antibiotic resistance
genes to other bacteria that are pathogenic (18, 74,
144, 163, 166).

Antibiotic-resistant strains of bacteria, includ-
ing Salmonella spp., E. coli, and Campylobacter
spp., have been isolated from farm animalsin many
countries (1-6, 14-16, 19, 21, 36, 63, 85, 87, 89, 90,
100,128, 131, 151, 155, 158, 168). Fluoroquinoline-
resistant C. jejuni have recently been detected in
chickenfollowing theintroduction of fluoroquinolines
into feed for chickens (135, 137). A draft risk assess-
ment of thethreat thismay poseto human consumers
of chicken has been prepared by the FDA’s Center
for Veterinary Medicine (150).

GROWTH-PROMOTING EFFECTS
OF ANTIBIOTICS

Feeding swine with subtherapeutic levels of anti-
biotics has been documented to increase weight
gain by 3.3-8.8% and improve feed efficiency by
2.5-7.0%. The exact mechanisms by which this
occurs are not completely understood. Since feed
antibioticsprovidearelatively greater improvement
in farms with poor hygiene, their effectivenessis at
least partially dueto suppression of some pathogenic
bacteriain livestock. Subtherapeutic antibioticshave
been shown to reduce the incidence or severity of
swine dysentery, porcine intestinal adenomatosis,
porcine hemorrhagic enteropathy, and Clostridium
perfringens infections. Some scientists believe that
these effects on pathogens are the primary or only
relevant effect of the antibiotics affecting growth
promotion (34, 35, 56, 138, 147, 148).

Other researchers believe that the antibiotics
ater the normal, non-pathogenic floraof the gut and

these changes have a beneficia effect on digestive
processes and the utilization of nutrientsin feed. It
has been estimated that as much as 6% of the energy
inapig’ sdiet may belost dueto microbial fermenta-
tion in the stomach and small intestine. Antibiotics
addedtofeed alter activitiesof microbial populations
and may thereby prevent some of thislossto micro-
bial fermentation. Intestinal bacteria also inactivate
pancreatic digestive enzymesand metabolize dietary
proteinwith the production of ammoniaand biogenic
amines, such ascadaverine. Antibioticsinhibit these
activities and increase the digestibility of dietary
protein. Antibiotics also appear to prevent irritation
of the intestinal lining and may enhance uptake of
nutrients from the intestine by thinning of the mu-
cosal layer (10, 35, 138, 148).

Experimentswith agrowth promotant contain-
ing chlortetracycline, penicillin, and sulfamethazine
have shown that treated pigs have higher serum
levels of insulin-like growth factor | (53, 54). Thus
the effects of subtherapeutic antibiotics may extend
beyond digestionin theintestineand stimulate meta-
boalic processesthroughout the animal.

In addition to positive effects on growth and
efficiency, therearereductionsin excretion of nitro-
gen, phosphorus, and manure by antibiotic-treated
pigs (124, 138). These effects are most probably
consequencesof themoreefficient utilization of feed.
When waste disposal from swine operationsis con-
sidered, these reductions will have a positive eco-
nomicimpact.

Two groups (55, 160) havereviewed the poten-
tial economic consequences of a ban on the use of
subtherapeutic antibioticsin swineproductioninthe
U.S. The more recent review estimates that produc-
tion costs would increase by $5.00-$6.00 per head
and thiswould increase the retail cost of apound of
pork by $0.05 (55). However, costs would vary
greatly among different swine producers depending
on the size and types of facilities and current hus-
bandry practices. Following Sweden’ sban ontheuse
of antibiotics as growth promoters, total use of anti-
bacterial drugs in animals has decreased so that by
1998 the total animal usage of antibiotics was only
38% of that used in 1984 (prior to the ban) (13, 24,
156). Inthefirst yearsfollowing the ban therewasan
increasein postweaning piglet disease and mortality
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and an increase in antibiotics prescribed to treat
disease. However, as producers improved hygiene,
sanitary and other husbandry practices, incidence of
diseasedecreased and antibi otic use declined steadily.
In evaluating the possible alternatives to
subtherapeutic use of antibiotics, one must consider
not only their relative short- and long-term costs but
alsotheir ability to producethe same positive effects
asthe antibiotics. It may well be necessary to adopt
changes in the management of livestock and also
introducedifferent feed componentsin order to com-
pensate for the antibiotics effects and maximize
production. Genetic improvements in animals and
vaccinations to prevent establishment of harmful
bacteria may a so be useful. Therefore, some of the
aternatives described below may be part of the
solution for decreasing or eliminating antibiotic use
inanimal agriculture even though they do not mimic
all the beneficial effects of antibiotics. One should
also aways be aert to the possibility that some of
thesedternativesmay a so have unintended negative
effectsthat are not immediately apparent.

ALTERNATIVE FEED
INGREDIENTS

The three primary effects of the antibiotic growth
promotersare:

* increased growth,

* improved feed efficiency, and

* alower incidence of certain diseases

To be effective, aternative additivesfor swine feed
should generate similar benefits as the antibiotics
which are currently used as growth promotersin pig
rearing operations.

However, alternative feed additives or supple-
ments may have different mechanisms of action and
other positive or negative effects which must be
considered. It may be necessary to combine two or
more alternative feed ingredients or to combine a
new feed supplement with a change in husbandry
practices to achieve the best effects. For the most
part, the scientific references gathered do not com-
parerelative costs of implementing various changes
but rather report dataon the efficacy of these supple-
mentsasregards pig health and growth. An excellent

review of many alternative feed ingredientsis pre-
sented by Thomke et al. (149).

Probiotics and competitive exclusion

Probioticsarelive culturesof microbes—oftenlactic
acid bacteriabut al so someother species—whichare
fed to animals to improve health and growth by
altering intestinal microbial balance. Some authors
also consider extracts of these cultures, for example
isolated yeast cell walls, to be probioticseventhough
they do not contain living cells. Some bacteria cul-
turesare used specifically for competitive exclusion
(CE): They arefed in one or afew dosesto newborn
or newly hatched animalsin order to quickly estab-
lish anintestinal florathat will prevent colonization
by pathogenic bacteria. Competitive exclusion prepa:
rations are not always pure cultures of bacteria, and
their microbial composition may not be completely
known. Some CE cultures have proven effectivein
protecting chicksfrom Salmonella infections.

Results from some experimental trials with
probiotics, initiated 20 to 30 years ago, wereincon-
sistent due to variations in bacterial cultures used,
age of pigs treated and other factors related to feed
composition and husbandry practices. Recently in-
terest in the use of probicticsto improvethe growth
and health of livestock hasbeen rekindled by current
proposalsto curtail sub-therapeutic doses of antibi-
oticsinanimal feed. Experimentswith new probiotic
culturesunder more controlled conditionshave dem-
onstrated beneficial effects of probioticsfed to pig-
lets in many, but not all, cases. Probiotics, like
antibiotics, appear to have amore pronounced effect
on farmswhere housing and hygiene are not optimal
(95, 149).

Piglets are born “germ-free” but immediately
begin acquiring intestinal microbes, with bacteria
such asLactobacillus, Bifidobacteria, and Bacteroi-
des often comprising up to 90% of the normal flora.
After weaning, thereisalargedropinthe population
of lactic acid bacteria and an increase in coliform
bacteria. Escherichia coli is the bacterium respon-
sible for most of the diarrheain newly weaned pig-
lets, and its increase is most likely related to the
decrease in lactic acid bacteria. In addition, piglets
acquire other bacteria that are opportunistic patho-
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gens, i.e. bacteriawhich may exist unobtrusively in
small humbers and only multiply to cause illness
when piglets are stressed by other infections or con-
ditions (95).

Probiotic microorganisms added to feed may
protect piglets from intestinal pathogens by several
possible mechanisms, sometimesreferred to ascom-
petitiveexclusion:

» adherence to intestinal mucosa thereby pre-
venting attachment of pathogens

* production of antimicrobial compounds such as
bacteriocins and organic acids

* competition with pathogens for nutrients

e dtimulation of intestinal immune responses

In addition, probioticsmay affect the permeability of
the gut and increase uptake of nutrients (79, 95, 127,
141, 142, 165).

Recent research reportsthat havedemonstrated
positive effects of probiotics for pigs include the
following:

* Lactobacillus and Bifidobacteria increased
weight gain and reduced mortality in young
piglets (7).

* Lactobacillus casel improved growth of piglets
and decreased diarrhea and appeared to be more
effective than subtherapeutic antibiotics (32).

» Lactobacillus casel fed to gnotobiotic (germ-
free) piglets adhered well to the intestinal
mucosa and produced lactic acid, lowering the
pH. These piglets consumed more milk and
gained more weight than germ-free piglets (26,
99).

* Enteracide, a probiotic containing Lactobacillus
acidophilus and Streptococcus faecium, added to
feed for weaned piglets stimulated growth and
activity of the digestive system (152).

* Addition of Streptococcus faecium to piglet diets
increased weight gain and feed efficiency (76).

* Mixtures of Lactobacillus spp. and Strepto-
coccus spp. increased growth and some measures
of immune function in piglets (154).

* Digested bacterial cell powder from Brevi-
bacterium lactofermentum decreased incidence
and severity of diarrheain piglets (97, 153).

* Piglets fed Bacillus coagulans had lower
mortality and improved weight gain and feed
conversion than unsupplemented piglets and did
aswell as or better than piglets fed subthera-
peutic antibiotics (8).

» CenBiot, a probiotic containing Bacillus cereus,
improved weight gain and feed conversion in
young weaned piglets and also decreased the
incidence of diarrhea as well as the addition of
subtherapeutic antibiotics (169).

* Bacillus licheniformis improved weight gain and
feed conversion and reduced diarrhea and
mortality in piglets (77).

* The probiotic Biomate 2B Plus (B. licheniformis
and B. subtilis) increased feed efficiency and
growth of piglets more than an antibiotic (28).

* Piglets fed the praobiotic Bacillus toyoi or a
mixture of Saccharomyces cerevisiae, Lacto-
bacillus acidophilus, and Streptococcus faecium
had a significantly greater weight gain as
compared to those given antibiotics in feed
(159).

* Saccharomyces boulardii and B. cereus var.
toyoi were found to enhance nutrient transport in
pig jejunum (29).

* Pigletsfed ayeast additive (Saccharomyces
cerevisiae) tended to consume more feed and
gain more weight. In some cases, results for
treated piglets were significantly better (22, 123);
in other experiments, the improved results were
not significant (88).

» Enterococcus faecium 18C23 was found to
inhibit the adhesion of enterotoxigenic E. coli to
the small intestinal mucus of piglets (69).

* A mucosa competitive exclusion culture
(originating in healthy pigs) and fed to piglets
within a day of birth significantly reduced
numbers of Salmonella choleraesuis (10, 44) and
E. coli (50) detected in gut tissues and feces after
challenge doses of these pathogens.

» Severa other brief reports of positive results
from the use of probiotic culturesin pigs have
been published (97).

Other researchers reported that feeding
probiotics did not improve performance or decrease
incidenceof diarrhea:

* piglets given Enterococcus faecium (46)

* older pigs given a mixture of Saccharomyces
cerevisiae, Lactobacillus acidophilus, and
Sreptococcus faecium (118)

* piglets given Sanobiotic RS (70)

* piglets given a yeast-fermented cereal mixture
(72)
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Enzymes

Pigshaveavariety of gastrointestinal enzymestoaid
indigestion of feed. However, newly weaned piglets
may produceinadequate amountsof certain enzymes
and even adult pigs cannot digest some plant materi-
alscontaining complex carbohydrates, such ascellu-
lose, xylans, and B-glucans (111). Therefore, the
addition of enzymesto feed may beauseful strategy
to increase its digestibility. Dietary enzymes may
supplement the pig’ sown digestive enzyme activity
or enable the pig to utilize the energy in complex
carbohydrates which normally pass unchanged
throughthegastrointestina tract. Theenzymephytase
can decrease the antinutritional effects of phytate
which binds50-75% of the phosphorusin vegetable
matter. Without thisenzyme, pig feed must be supple-
mented with phosphates because pigs can use only
20-40% of the phosphorus in plant foods. The re-
mai ning phosphorusin thevegetable matter iselimi-
nated with thefecal material. Phytate al so appearsto
interfere with the digestion and absorption of other
mineralssuchascalcium (111, 165). Recent reviews
of the currently available enzymes used as feed
supplementsand prospectsfor further developments
in this area have been published by Bedford and
Schulze (20) and Thomke and Elwinger (149).

Some data indicate that addition of carbohy-
drate-degrading enzymes (amylase, glucanase,
glucoamylase) to abarley-based diet improved feed
conversion (but not average growth) and reduced
incidence of diarrheain pre- and newly weaned pigs
(66). Other experiments demonstrated no growth
advantagefor inclusion of enzymesto degradestarch,
fiber, proteins or fats in a wheat-based diet for
weaner pigs(107). Theefficacy of enzymeadditives
appears to depend on several factors including the
age at weaning, other componentsof thediet, and the
source of the enzymes. Carbohydrate-degrading en-
zymes, isolated from different bacteria and molds,
usually differ somewhat in their activity against
specific compounds.

Nutrient utilization and performance of grow-
ing pigs fed hulless barley was improved by a mix-
ture of enzymes (cellulase, xylanase, 1,3:1,4
glucanase, amylase and pectinase) extracted from
Trichoderma viride. Average daily growth and feed

conversion wereimproved by 8.6 and 8.7%, respec-
tively (17). Another experiment reported that an
antibiotic, avilamycin, and an enzyme, xylanase,
increased digestibility of organic matter, protein,
fiber, andfat tothe sameextentingrowing pigsfed a
diet containing barley, wheat, soy, and wheat bran.
Growth rate was dightly increased in both groups
fed one additive and wasincreased significantly ina
group fed both enzyme and antibiotic (120).

Another issueto consider infeeding enzymesto
pigs is whether the enzymes can survive passage
through the acidic stomach and then act to digest
feed componentsinthe small intestine. Pentosanase,
whichisinactive under acidic conditions, wasfound
to survive passage through the stomach and aided
digestion of rye-soybean dietary material in small
intestine (145).

Phytasewasfound toincreaseweight gain and,
insome cases, decreasefeed conversionratiosin pigs
fed different diets: a barley—maize diet (48, 58), a
corn—soybean diet (75, 122, 140, 171), alow phos-
phate pearl millet—soy diet (98), apea—barley—wheat—
soy diet (103), and sorghum-—soybean meal diet (104).
Experiments with cannulated pigs, with a tube in-
serted for samplingintestinal contents, demonstrated
that phytasetripled the pre-cecal breakdown of phytate
but much of theliberated phosphate was absorbed by
intestinal bacteria. Later this phosphate was ab-
sorbed into the pig from the cecum/colon (132, 133).
Apparentiled digestibility of crudeproteinand amino
acidswasal soimproved by theaddition of phytaseto
a corn—soy diet (73). This may be the result of
disruption of phytate—protein complexes.

Phytase enzymes from several sources have
been tested and some are more heat-resistant than
others and so may be better suited for incorporation
into dietswhich areto betreated with steam (65, 102,
140). In addition, phytase activity is affected by
the calcium: phosphate ratio in the diet, with higher
ratios associated with lower enzyme activity and
decreased growth rate (117, 119).

Experiments comparing the effects of phytase
and supplementary inorganic phosphate indicated
that 500 U phytase/kg feed was approximately
equivalent to 0.87-0.96 g of inorgani c phosphate/kg
in improving daily weight gain and phosphate
digestibility in growing pigs weighing 18.6 kg
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(52). In younger pigs (7.8 kg weight), 246 U
microbial phytase/kg wasfunctionally equivalent to
1 ginorganic P/kg feed (75).

The use of phytase also decreases the amount
of phosphate in swine manure by as much as 30%
(52). High levels of phosphorus are detrimental to
lakes and rivers and so a number of European
countries haveregul ationsrestricting the disposal of
manure based on its phosphorus content. In the
Netherlands, France, and Denmark, theoverall aver-
age excretion of phosphorus/pig is 1.0, 1.34, and
1.23kg. These numbersreflect thewidespread use of
phytase in feed for Dutch pigs and lower levels of
phytaseused in other countries (115, 116). Although
thisissue of excretion of phosphorusis not directly
related to growth-promoting effects of phytase, eco-
nomic considerations related to waste disposal may
affect the overall cost/benefit evaluation of whether
or not to use phytase as a substitute (or partia
substitute) for antibioticsin feed.

Immune modulators

Immunologically active compounds affect thework-
ing of the immune system and may enhance resis-
tanceto disease. These substancesincludeantibodies,
cytokines, spray-dried plasma, and other compounds.
Some or all of the growth-promoting effects of sub-
therapeutic antibioticsin feedsmay result fromtheir
action against sub-clinical infections or competitive
intestinal bacteria. Therefore, it has been suggested
that addition of antibodies or other immunoactive
compounds to feed may accomplish the same pur-
pose. V accinesmay beimportant in preventing some
diseases which may arise when antibiotics are with-
drawn. Theimportance of devel oping new vaccines
and potential benefits of vaccinating sows which
wouldthen provideantibodiesto pigletsin colostrum
werediscussed inarecent review (60). But vaccines
may not replace antibiotics as growth promoters
because they specifically target pathogens while
antibiotics affect general bacterial populations in
the gut.

Piglets get protective antibodies from their
mothers through col ostrum but these last only about
amonth. Since young pigsdo not produce sufficient
quantitiesof their own antibodiesuntil they are about

4 months of age, thereisaperiod of several months
when young piglets are particularly susceptible to
diseases such as scours (93). Antibodies against pig
disease organisms have been produced by immuni z-
ing henswhich secreteantibodi esagainst swine patho-
gens into egg yolks. These antibodies inhibit the
attachment of pathogenic bacteria to the intestine
(97). Freeze-dried eggsor egg yolks containing anti-
bodiesto calf diseaseshave been used successfully in
calf milk replacers and reduced the need for
subtherapeutic antibiotics (111).

Freeze-dried eggs containing antibodies agai nst
porcinerotavirus and somestrainsof E. coli areaso
available. Lyophilized egg yolks with antibodiesto
porcineenterotoxic E. coli cured 92% of sick piglets
when added to one batch of feed. Protimax (hyper-
immunized spray dried egg protein) dramatically
reduced mortality due to diarrhea and improved
weight gain and feed conversion (93).

Spray-dried porcine plasma proteins (which
contain immunoactive proteins) al so reduce mortal-
ity and diarrhea and improve growth in piglets. As
with antibiotic additives, better resultswere obtained
under morestressful and lesshygienic conditions. In
experimentswith newly weaned piglets, theaddition
of spray-dried porcine plasmaproteinsto acorn—soy
diet resulted in faster growth than the addition of
antibiotics (31, 33). However, the feed conversion
ratio was better in the group fed the antibiotics. One
problem with spray-dried plasmaisthat it may con-
tain antibodies specificto bacterial strainspresent on
onefarm but which aredifferent from those on other
farms. Onlargefarmsin Latvia, it was noted spray-
dried plasmafrom onefarm reduced piglet mortality
by 20% on the same farm but was ineffective at
another farm (101).

Morethan 12 antimicrobial peptideshavebeen
detectedin pigs. Most of these compoundskill bacte-
ria by disrupting cell membranes, and it is believed
that bacteria may be slower to devel op resistance to
thesecompounds. A recent comprehensivereview of
porcine antimicrobial peptides was presented by
Zhang (170). These antimicrobial agentsin pig hus-
bandry could be added directly to diets, or it may be
possibleto genetica ly engineer pigsto producegreater
amountsof these compounds. It may also bepossible
to transfer the genes responsible for synthesis of
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these peptides into some microbe which could pro-
duce large quantities of these antimicrobial com-
pounds at alower cost.

Experiments with chickens have shown that
some cytokines (which are normal regulators of the
immune response) can act as growth promoters per-
haps by stimulating the immune system to ward off
pathogens. As such, it has been proposed that these
compounds may be a substitute for sub-therapeutic
antibioticsin feed. Avian cytokine genes have been
cloned and can be delivered to chickensin a viral
vector. With more research, porcine cytokines may
also become available for use as growth promoters
(86).

Conjugated linoleic acid has also been shown
to affect immune function in laboratory animals by
increasing production of T-cells and interleukin-2
(67).

Organic acids (Acidifers)

Organic acids contain one to seven carbon atoms.
They are widely distributed in plants and animals
and are also produced during microbial fermenta-
tion. These acids and their salts are often used as
food preservativesand, sincethey areeasy tohandle,
can be used to acidify feed.

Weaned piglets are physiologically immature
and may not produce enough hydrochloricacid (HCI)
to keep stomach pH at an optimum of approximately
3.5. AtthispH, digestion of proteinsand popul ations
of beneficial bacteria (lactobacilli) are maximized
and harmful bacteriaareinhibited. Dietsfedtoyoung
pigsoften have ahigh buffering capacity, which can
further reduce stomach acidity. Therefore, organic
acids added to feed can have a beneficia effect in
maintaining alow pH (25).

A recent meta-analysis of data on growth-
promoting effects of organic acidsinweaned piglets
found that the acidsgenerally improved performance
but the magnitude of the effect varied with theamount
of acid used and other components of diet. Fumaric
acid usually caused agreater weight gainthanformic
or citricinyoung pigletswhileformic acid wasmore
effective in fattening pigs (110). Data on several
possible mechanismsfor growth promotion, includ-
ing inhibition of undesirable microbes, increased

digestibility of proteins, and changes in intestinal
morphology, werereviewed.

In fact, although these compounds lower feed
and gut pH, their effects are not simply a result of
acidification because neither dietary HCI nor phos-
phoric acid improved growth or feed conversion of
piglets. Itislikely that theantimicrobial effectsof the
organic acid ions, which act by controlling bacterial
populationsin the upper intestinal tract, are respon-
sible for the beneficial effects of these acids (125).
Fumaric acid was more effective than HCI and the
antibiotic tylosinin reducing populations of various
bacteriain small intestine of weanling pigs as com-
pared to control pigs consuming feed with no addi-
tives (49). On the other hand, addition of 1% formic
acid reduced feed pH from about 6.2 to about 4.5 but
did not decrease diarrhea in weanling pigs (45). A
recent review (68) concluded that data from many
experiments showed that the effects of fumaric and
formic acids on gut pH and flora are inconsistent.
Lactic acid, however, wasmore consistent in reduc-
ing gastric pH and coliforms. Inconsistent results
may be due to the variety of diets with different
buffering capacities that were used in these experi-
ments. Bacteria are known to develop acid-resis-
tancewhen exposed to acidic environmentsfor some
time. Thisshould bemonitored when acidsare added
to feed over the long term (113).

Recent data demonstrating the improved feed
conversion ratio and growth-promoting effects of
formates (109, 126), citric acid (119), and formic
acid (134) indicated that the effect was greater dur-
ing growth of young pigs than during the finishing
phase of growth.

Several researcherscited evidencethat organic
acidsalsoimprovethedigestibility and absorption of
proteins, minerals, and other nutrientsinthediet (68,
73,94, 110, 119, 125). However, in another feeding
study with young piglets neither fumaric nor citric
acid additives improved efficiency of amino acid
digestion or absorption (161).

Organic acids (such asfumaric, formic, lactic)
arecommonly added to swinefeedin many European
countries. Astheuse of antibioticshas decreased, the
use of acidsin feed hasincreased. At one pound per
ton, organic acids have been approved for control-
ling moldin feeds; higher concentrations (>6 Ib/ton)
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reducethe pH of feed to 5.0 and help control Salmo-
nella and other enteric pathogens. Two problems
maly occur at higher organic acid levels: (i) palatabil -
ity may be decreased, leading to feed refusal (110)
and (ii) acidic feed is corrosive to cement and galva-
nized steel in swine housing. In order to minimize
these effects, the natural buffering capacity of feeds
(related to mineral and protein content) should be
evaluated to determinetheminimum effectiveamount
of acid to use (23).

Salts of organic acids, such as formates and
diformates, are not as corrosive and can be used to
significantly improve growth rate and feed conver-
sioninweanling pigs (109, 112, 125). Another strat-
egy to extend the effectiveness of acid supplements
and reduce corrosion damage to housing materials
isthe use of aslow-release form of acid. It consists
of organic acids with fatty acids and mono- and
diglycerides mixed to form microgranules. Tests
show that use of these granules, as compared to
use of free acids, results in greater feed intake and
growth (30).

Fermentation may be a less expensive and
equally effective way of acidifying diets. Weanling
pigs, fed liquid basal diets of cooked cereal and milk
products acidified to pH 4 with lactic acid or by
fermentation with Pediococcusacidilactici, achieved
similar weight gainsand feed efficiency (47). Severa
million tonsof liquid by-productsof food industries,
containing sugars and starch, are recycled into pig
feed in Europe. These products, including wheat
starch, cheese whey, and potato steam peel, are
easily fermented to achieve a pH between 3.5 and
4.4. Feeding pigs diets containing these fermented
liquid products increases weight gain and improves
feed conversion ratio (129). Fermented liquid feeds
which are high in yeast, high in lactic acid bacteria
and high in lactic acid have been found to improve
growth performance (68).

Other feed supplements

Minerals

Zinc (3000 ppm) or copper (250 ppm) added to
piglet diets containing antibiotics significantly im-
proved average daily weight gain, feed intake and
feed efficiency. When the minerals were added

together, their effects were not additive (59, 136).
Use of zinc oxide in Denmark has led to decreased
use of antibiotics in swine feed. Zn not only
improved performance of piglets but also reduced
incidence and severity of diarrheain piglets (61).

Rare earth elements have been described as
performance-enhancing feed additives in Chinese
literature for sometime. Recently, arare earth mix-
ture (containing lanthanum, cerium, and praseody-
mium) was tested in swine grown under “western”
conditions and was found to significantly improve
weight gain and feed conversion (57).

Vitamins

Vitamin E supplements did not appear to improve
feed intake or weight gain in growing pigs (48) but
did haveastatistically significant effect on reducing
weanling diarrhea (78).

Conjugatedlinoleicacid

Conjugatedlinoleicacid (CLA) refersto amixture of
positional and geometric isomers of linoleic acid
with conjugated double bonds in the region of
carbon atoms 8-13. It has been demonstrated to
have anticarcinogenic effectsand, in [aboratory ani-
mals, reduces the proportion of body fat and
increases lean tissue. In experiments with pigs fed
isoenergetic, low fat diets containing 1-3% CLA or
vegetable oil, CLA did not affect total energy
metabolism but nonsignificant increasesin lean tis-
sue and weight gain were observed in some groups
of animals (96). In several other experiments with
pigs fed up to 1% CLA in the diet, small improve-
ments were seen in average daily weight gain and
feed efficiency during some stages of growth but
these increases were not always significant (41, 42,
67,105, 106, 108, 146). Tworecent reviews (42, 67)
summarizetheearlier work and comparedifferences
inmethodology.

Phosphoalipids

Lysoforte, a phospholipid product, can aid in nutri-
ent uptakefrom digestivetract. Addition of lysoforte
significantly improved growth and feed conversion
of piglets but not of older, growing pigs (22 kg)
(130).
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Amino acids

Swine diets may be deficient in one or more amino
acids, and this can limit growth rate of pigs and
resistance to disease. Simply adding more protein to
the diet may increase the absol ute amounts of these
limiting amino acidsbut will not providean optimum
mix of amino acidsand may increaseintestinal disor-
ders. Much of theadditional protein may be*“wasted”
becauseit contai nsexcessamounts of morecommon
amino acids. Therefore, supplements of thelimiting
amino acids have been added to diets to improve
performance of pigs (149).

* Supplementation of a barley, wheat, soybean diet
containing 13.5% crude protein with the amino
acids lysine, methionine and threonine resulted
in a greater growth rate and feed conversion ratio
in growing pigs than feeding an unsupplemented
diet containing 15.8% crude protein (12).

» Addition of threonine to a maize, soybean,
rapeseed and cottonseed meal diet increased
weight gain and feed conversion in growing pigs
and also improved immune function (73).

* In another experiment with finishing pigs fed a
low protein corn—soybean diet, the addition of
individual amino acids did not improve growth
(135).

Carnitine

Carnitine is synthesized in the body from lysine
and methionine but the enzymes needed to do
this may be at low levels in piglets. Trials adding
carnitine to piglet diets usually improve daily
growth, and supplements to sows increase piglet
survival and weight gain. However, results from
field trials are not aways statistically significant
(82). When carnitine (25 or 50 mg/kg feed) was
added to feed for 10 kg pigs, no improvement was
noted in incidence of diarrhea or in ADG or feed
efficiency (71).

Carbohydrates (Polysaccharides; Fiber)

Theincidence of swine dysentery isrelated to diets
fedtopigs: Inexperimentswithweanling pigs, cooked
rice(whichisexpensive) completely prevented dys-
entery while pigs fed steam-flaked corn and steam-
flaked sorghum had significantly less sickness than
those fed hammer-milled and extruded whesat. The

steam flaking process makesthesefeedsmoredigest-
ible and so there is less non-starch polysaccharide
passing through into largeintestine. Fermentation of
these polysaccharides in the colon apparently en-
couragesgrowth of dysentery-causing bacteria(114).
Heat treatment of barley and maize for swine diets
also increased weight gain and feed efficiency in
piglets (compared to diets with no heat treatment)
(92). Non-digestible oligosaccharidesadded to diets
of 9-week-old pigsdid not improve performance but
rather temporarily decreased feed intake (62).

Some other polysaccharides appear to have
beneficia effects when added to swine feed (149).
Some of these compounds are sometimes called
probiotic chemical sbecause they enhancethegrowth
of probiotic bacteria. Feeding of Jerusalem artichoke
meal (rich in fructans which act as bifidogenic fac-
tors) increased weight gain and feed intake of piglets
(43). Feeding of fructooligosaccharides decreased
shedding of S. typhimuriuminatrial in Canada (80).
A preparation of sugar beet fiber with lactose, termed
Cellulac, may aid piglets in resisting pathogenic
bacteria by increasing lactic acid levelsin the intes-
tine. Thiswould encourage the growth of lactic acid
bacteria which could prevent the establishment of
pathogens(121).

Herbs

Thequest for dternativesto sub-therapeutic doses of
antibiotics in swine feed has recently included the
testing of anumber of herbsor herbal mixtures. The
rationale for using these “natural remedies’ is that
many herbs and spices are known to have com-
pounds with anti-bacterial effects (which may pro-
tect pigsagainst pathogens). Herbsmay alsoincrease
the palatability of diets and thereby increase feed
intake.

In most cases, these studies have been con-
ducted in Europe and a number of reports are pub-
lishedinjournalswhich are not avail able. However,
I will mention below studieswhich reported positive
effects. If there is further interest in some of these
reports, it should be possible to contact the authors
directly.

* An herbal mixture containing great nettle, garlic,
and wheat grass was reported to improve growth

and feed efficiency in growing pigs (51).
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* An herbal preparation called “Nebsui” was
reported to improve growth and reduce dysentery
(164).

* Homeopathic remedies were reported to reduce
incidence of disease in pigs (9, 91).

* Oregano and a mixture Aromex (a mixture of
essential oils, spices and herbs) were reported to
increase growth and in some cases reduce
diarrheain pigs (93).

Alter native Husbandry Practices

Although aternativefeed supplements may compen-
sateto someextent for thereduction or elimination of
antibiotics in feeds, some changes in swine hus-
bandry practicesmay a so beimportant. Only abrief
overview with some recent reviews asreferencesis
presented here. In addressing a problem such asthe
elimination of antibioticsinanimal feeds, oneshould
reconsider many aspectsof swinerearing operations
to determine whether changes in breeding and hus-
bandry practicesaswell aschangesinfeed composi-
tion will beimportant parts of the solution.

Good hygieneis, of course, very important for
preventing the spread of disease among livestock. If
theroutine use of antibioticsinfeedsisdiscontinued,
it may be necessary to be even more rigorous in
maintaining clean environments for livestock (13).
Improvementsin the pig-rearing environment which
have demonstrated effectivenessinclude (34, 139):

* attention to efficient cleaning methods and
effective sanitizer use to minimize spread of
disease

* maintenance of an appropriate ventilation rate
since pathogens may be spread through the air

* appropriate environmental temperatures

* stocking rates appropriate for size of the farm

» careful record keeping to identify problem areas

Weaning is a particularly stressful time for
piglets, with new foods and social groupings and
interactions being introduced. The piglets' normal
intestinal bacterial populations are not well estab-
lished, making them more susceptible to pathogens
in the environment. There are trade-offs between
early weaning, which can reduce exposure to patho-
gens, and a later weaning, which allows a greater
devel opment of intestinal function and normal bacte-
rial populations. Segregating newly weaned piglets

with age-matesin clean facilities (al-in-all-out) can
reduce exposureto pathogenswhich may be shed by
older pigs (39, 90, 143). However, data from U.S.
swine producersindicate that early weaning (before
28 days) was associated with increased mortality
(84).

Feeding practices may also affect spread of
disease. Automated liquid feeding systems were
associated with a decreased risk of infection with
Salmonella as compared to trough feeding in astudy
inthe Netherlands (167). Improved feed conversion
ratios were observed in swine herds in the U.S.
that used three or more different rations during the
growing-finishing phase (40, 83).

Biotechnology may lead to improvements in
the genetic background of pigs, making them more
resistant to diseases such as edema (11, 97). Other
possibilities, which will require considerable time
and investment to develop, include pigs that can
utilize feed more efficiently because of an atered
expression of gut enzymes or nutrient absorption
potential inthegut lining. New techniquesin biotech-
nology may also lead to improved vaccines, more
effective probiotic preparations, feed plants with
lower concentrations of antinutritional factors or
increased amounts of useful nutrients, and other
genetic changes in pigs which allow them to grow
faster or be more resistant to various pathogens.
Many of these possibilitieswere discussed in recent
reviews (27, 64).
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