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Feeding the Modern Sow—Do We Really
| Know How?

Donald C. Mahan
Department of Animal Sciences
The Ohio State University
Columbus, OH 43210
Phone: 614-292-6987
E-mail: mahan.3@osu.edu

| Summary

The modern high producing sow produces more pigs and more milk than the traditional 3-way cross used
only a few years ago. The modemn gilt has less body fat, but more muscle and bone at breeding. Gilts need to
- be bred at the proper body condition and weight to achieve longevity in the herd. Gilt weights of 135 to 145

kg, backfat thickness > 17 mm (last rib), and provision of higher gestati d

arity 1 and 2

and then lowering the gestation protein fed to older sows is recommended. Providing the gestating sow with
 the higher protein and mineral lactation diet prior to farrowing will allows a better trapsition to the lactation
period.. Flushing gilts and sows to maximize ovulation and conception rates should enhance sow retention in

. the herd.

Introduction

Within the various feeding phases of swine
production, the breeding herd and in particular the
lactating sow is the most abused area where feeding
programs and diet formulation are not well under-
stood and errors are made. The high annual sow
replacement rate and high cost of these animals low-
ers the profitability of the enterprise because of poor
feeding practices. Although this can be attributed to
several factors, the major effects are anestrus, poor
conception rates, and foot and leg problems, each re-
sulting in the culling of animals. When we consider
that most of the published sow research in the United
States was conducted historically with the three-way
cross and largely with first parity animals, we are
grossly behind the Buropeans where they have been
more successful in keeping sows for several parities.
Sow research is difficult to conduct and inherentty
has many uncontrollable variables that contribute to
much of the data not having value. Coupled with
the fact that current sow genotypes have changed to
hiigh producing sow lines makes much of the pub-
lished research of minimal value. The modem sow is
capable of extremely high production capacity. It is
not unusual today for sows to farrow 12 or more pigs,

to wean 10.5 to 11.0 pigs per litter, with average pig
weaning weights of 6.5 kg at 17 to 19 days of age.
The modem sow is a high milk producer, albeit for
a short period (e.g., < 3 weeks), capable of produc-
ing as much milk as a dairy cow when expressed on
a body weight basis. Traditional methods being used

- to feed these sows are out-dated and undoubtedly

contribute to the high gilt replacement rate in many
commercial sow herds. This brief review will outline
some of the biological principles in feeding gilts and
sows with suggestions on modifying feeding pro-
grams. '

Principals of Sow Growth and Body
| Composition

We first need to establish that there are some
biological principals that guide the sow’s reproduc-
tive life that if not followed will result in culling her _
from the herd. The first is that she will attempt to
maintain her life (maintenance) thus modifying her
productivity and body composition to attain this goal.
The second factor is that the sow has a genetic capac-
ity to produce a certain quantity of muscle and bone,



and until this genetic capacity is completed she will
attempt to fulfill this dermand at the expense of other
functions. The third principal is that the sow has 2
genetic capacity to ovulate a certain number of eggs
and to produce a certain quantity of milk. Thus the
modern sow produces both a large litter size and has
a large milk production capability. Milk composition
and production are largely resilient to change, with
body composition being modified to meet these bio-
logic demands. Although nutrition and other factors
can influence the outcome of thesé biological effects,
the swine producer must understand the genetic capa-
bility of the animal’s within their herd and their needs
to achieve maximum output, '

Because the swine industry has found that high
producing lines of pigs perform best under confine-
ment conditions, the role man has in understanding
what these needs are with different types of facilities
and environmental conditions is critical to her future
reproductive performance. The reason research is
needed is that we do not completely understand the
desired nutrient and environmental factors that will
result in maximum reproductive performance and
sow longevity.

With the advent of new sow lines, geneticalty
capable of producing more pigs and yielding more
milk than the traditional sow lines once used, sows
are heavier at physiological maturity, and body fat is
lower at each phase of development. Consequently,
many sows are lost from the herd because we have
failed to modify our feeding and dietary formulation
practices with these new genotypes.

Importance of body fat in estrus onset

Questions arise if there is a mininmum body fat
content of the young gilt that is essential for these
new genotypes to demonstrate estrus, and at what age

should we breed gilt’s to attain maximum life perfor-

mance responscs.

One of the first studies to demonstrate this effect
was reported by Newton et al. (1992). These workers
- fed three sets of gilts from approximately 4.5 months
of age to breeding either at: 1) full feed, 2) the same
diet at 75% or 3) the diet at 50% of the full fed group.
They also evaluated the onset of estrus either by
behavioral responses (back pressure) or analyzing
serum progesterone (> 1 ng/ml), the latter measure-
ment determining if ovulation occurred. Their results
presented in Table 1 demonstrated that as the gilt
becomes heavier in body weight and had a greater

amount of body fat it was more difficult to detect
estrus by conventional behavioral characteristics.
However, by chemically analyzing serum proges-
terone, a higher percentage of the heavier weight
animals had indeed ovulated. Body fat content at the
time of ovulation clearly differed between the groups
at estrus onset, but the age when estrus occurred was
relatively similar between groups and clearly was not
dependent on body fat content. These results show
that giit age is the predominant factor that determines
when ovulation occurs but if feed is restricted, par-
ticularly at < 75%, such that growth rate is reduced,
estrus and ovulation can be curtailed. Because body
fat content cannot be detenmined practically on com-
mercial farns, the use of backfat thickness in this

‘study was measured as an index of body fat. Backfat

thickness in the study showed the same effect as body
fat content.

These results are largely confirmed by the data
of Zier et al. (2004) where a set of gilts were all fed
the same diet. They grouped the gilts by backfat
thickness and weight and determined the age at first
service. Their results in Table 2 demonstrated that
gilts with lower backfats exkibited estrus as soon
or sooner than gilts that had greater backfats and’
heavier in body weight. When the data are expressed
on a body weight basis (Table 3) it appeared that the
gilts with more backfat were. somewhat older at first
service. '

The combined results from these studies suggest
that as gilts attain more body weight and deposit ex-
cess body fat, it may become more difficult to deteéct
estrus. However, both excessive and inadequate body
fat could be detrimental to future breeding perfor-
mance.

Effect of backfat at first service on
subsequent reproductive performance

When the first parity gilts of differing backfats
were bred and reproductive performances measured,
the results demonstrated (Table 2 and 3) that litter
size (total and live pigs) was not seriously affected by
the low backfat thickness (Zier et al., 2004). Con-
tinued successful reproductive performance of these
antmals with the lower backfats is, however, ques-
tionable. This was demonstrated in another study
where backfat thickness collected at 106 kg body
weight was measured and reproductive performance
was subsequently evaluated over a 4 parity period.
The results demonstrated a lower percentage of gilts



the wall shaft of bones, thus increasing the reservoir
of these minerals in the body (Maxson et al., 1983).

Sows of higher production have greater dietary needs

for minerals, particularly Ca and P than sows with
lower productivities (Maxson et al., 1982). Body
mineral composition has demonstrated that over a
3-parity period sows of high productivity had a 15 to
17% lower body Ca and P content, Unpublished data
from our station has also demonstrated that approxi-
mately 40 to 50% of the total minerals (macro and
micro) retained by developing fetus’s occurred during
the last 14 days of gestation. The mineral demands
of the high producing sow are high, explaining the
high occurrence of structural problems encountered
on many swine farms.

Feeding programs

- Phase feeding of weanling pigs and grower
finisher pigs is cormmon place. It will become more
common to feed sows in the same manner as with the
other phases of swine feeding practices. Sows should
be fed to their genetic capability. This means that
body condition at each production phase should be
monitored and feed provided to the animal adjusted
accordingly. When the diet does not meet the sows
genetic capacity to produce fetus’s or milk, she will
divert nutrients from body tissue to meet these de-
mands. Figure 4 presents a method of feeding sows
during gestation and lactation that should maximize
reproductive performance.
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Table 1. Effect of feed intake on puberty onset in gilts

Feed intake level, % of full feed

Item 50 75 100
No. of gilts | 35 35 35
Percent of gilts demonstrating ovulation
Behavioral * 57 60 45
_ E{ormone detection 77 88 91
Age at estrus detection
Behavioral * - 2230 - 2238 2275 -
tI’{ormone detection 2248 219.5 ' . 218.7
At estrus detection
Backfat, mm 17 21 26
Body fat, kg 31 39 - 47
Body weight, kg 108 123 140

Source: Newton and Mahan, 1994,
POSlthC response to back pressure (herdsman).
® Plasma progesterone (> 1 ng/ml.) concentration.



Table 2. Effect of backfat thickness (first mating) on first parity reproductive
performance

P, Backfat thickness (P, area), mm

Ttem ' <12 12-14  14-16 16-18 ~ 18-20 >20
No. of gilts | 124 361 431 364 231 163
Mating measurements
Backfat, mm 114° 135 155° 17.4¢ 193¢  226°F
Body weight, kg 143*  154®  162°  162° . 162°¢ 168
Age (first service), day 222 225 233 231 234 237
Reproductive performance
Total born/litter, no. 1.5 . 119 116 118 - 117 12.1
Live born/litter, no. 103° 108" 106° 10.8°° 10.8%% 113°%
Gilt removal, % - 6.5° 22Y 30* 38%° 43" 18%

Source: C.E. Zier, N.H Williams, B. Wolter. 2004 (01ted by Lundeen, Feedstuffs,
March 22 (76; No. 12; pg 9).

2bede Superscnpts on the same row that differ are significantly different, P < 0.05.
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Table 3. Effect of body weight (first mating) on first parity reproductive performance *

Body weight, kg
Jtem <136 136-147 _ 147-158  158-170  >170
No. of gilts 92 136 181 124 157
Mating measurements
Backfat, mm 13.9*  15.1° 16.2° 16.8°¢ 1754
Body weight, kg 1322 146° 156°¢ 165 ¢ 184°¢
Age (first service), day 205 * 218° 229° 236 ¢ 250 °
Reproduction performance '
Total born, no. 11.2° 11.8* 11.6* 122°  11.7%
Live born, no. 10.52° 10.6*° 10.6 * 113%  104°
Gilt removal, % . 16 18 5.3 56 5.1

Source: C.E. Zier, N.H. Williams, B. Wolter. 2004. (cited by Lundeen, Feedstuffs,
March 22 (76; No. 12; pg 9).

2bede Superscripts on the same row that differ are significantly different, P < 0.05.

Figure 1. Backfat thickness (100 kg body weight) on sow retention by parity 4
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Figure 2. Effect of age of first mating on sow reproductive performance

12.0
1.5
11.0
10.5
10.0

9.5

9.0

Pigs, no. per litter

8.5

- i

M .

O Total pigs ® Live pigs

<190 191-200 201-210 211-220 221-230 231-240 241-250

Age at First Mating, days

Source: Pig Intemational (Dec., 2003) - '
A total of 12,929 litters from Camborough 22 sows were evaluated.

cycle

Change

Figure 3. Body weight and body compositional changes of sows during the reproductive

o a-""""z_
.-"“‘ ] :
..6‘ -..,_.'.“..
‘.‘. owy
‘.1." Q',....
. _.:-.-__’_._““,'-...'-"". e — — T R — "'0‘....
" ¥ ﬁ..
e v =" . ) . e,
i “~ N
Protein
Fat
.___._._._...._._.’-
Gestation Lactation Rebreed

11



12

Figure 4. Feeding strategy for reproducing sows
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Table 5. Leanness at selection time on sow longevity and performance

: Low BF Med. BF High BF
Item _ <13 1416 >17 P < xx
Litters/sow 2.81 3.47 3.75 05
Total pigs born 2747 34.85 37.55 05
Pig birth wt,, kg 1.51 1.34 1.32 05
Pig wean wt., kg 6.87 6.71 6.47 05
Total pigs weaned, no. 21.91 27.63 30.08 01

Source: Guaghan et al., 1995,



Table 6. Protein carryover in the sow from gestation to lactation

18% CP

Gestation: 9 % CP  13%CP
Item Lactation: 2% 18% 12% i8% 1_2% " 18% SEM
Sow feed, kg/day 4.2 6.2 4.8 6.5 59 6.2 0.7
Litter gain, kg 26.7 . 362 28.2 36.1 32.1 354 0.5
6.4 6.7 0.1

Pig wt., kg 5.6 67 - 59 73

- Source: Mahan and Mangan, 1975.
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John F. Patience, A. Denise Beaulieu, Ruurd T. Zifistra, Temi Oresanya and Ryan Mohr
Prairie Swine Centre Inc.
Saskatoon, SK
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Introduction

* Energy sysiems are employed in animal nutrition
for two fundamental reasons. The first is to define, in
quantitative terms, the energy content of an ingredi-
ent, or blend of many ingredients, to serve financial
~ purposes including pricing and quality determina-
tion. The second is to define, in quantitative terms,
the requirement for, and use of, energy by the pig for
- maintenance and productive purposes {eg. growth,
lactation, reproduction) to serve as the basis for diet
formulation and the development of feeding pro-
grams. -

Interest in energy systems, and their application
to practical swine nutrition, has increased in recent
years. There are many reasons for this. In the case
of our own research, we have come to realize that in
order to adequately and effectively apply our increas-
ing knowledge of amino.acid metabolism, there must
be a concomitant-increase in our understanding of
energy. We do not believe that the level of sophisti-
cation applied to amino acid requirements is matched
by that of energy. As our industry seeks to further
reduce costs and increase revenues, there is increased
interest in diets designed to achieve desired carcass
outcomes; energy is as much involved in carcass
composition as are amino acids. Furthermore,
defining the value of various ingredients, in terms of
their true value to the pig, demands systems that are
more rigorous than the Digestible Energy (DE), or
Metabolizable Energy (ME) systems. There is also
ncreasing recognition of the inherent variability in
the nutrient composition of ingredients, something
that must become more entrenched in purchasing

practices and in diet formulation. The globalization
of our industry has meant that nutritionists in North
America have become exposed to different energy
systems than those routinely employed locally, and
this exposure has led to questions about the adequacy

‘and suitability of DE and ME.

Without question, the Net Energy (NE) system
has gained wider acceptance in Europe than it has
in North America. There are many reasons for this
regional difference. Higher feed costs have mo-
tivated the European livestock and poultry indus-
tries to adopt technologies that reduce the cost of
feed. Many European countries are net importers of
feedstuffs, and they have sought to minimize their
imports and their purchasing costs to the greatest pos-
sible extent. Given the nature of the ingredients used
in Europe, the advantage of a net energy system is
clear. Although we may be guilty of over-simplifying
the situation somewhat, we believe that in Europe,
the focus of the pork industry has been on feed costs,
whereas in North America, the greater focus has been
on animal performance. This may explain, in part,
the more rapid adoption of a NE system in Europe
compared to North America, because without doubt,
the net energy system is superior for this purpose.

We refer to “one of the NE systems” since there
are a number in use in Europe. The most proninent
of these were developed at INRA under the outstand-
ing leadership of Dr. Jean Noblet (Noblet, 2000), and
at the Dutch Central Bureau for Livestock feeding
(Centraal Veevoederbureau — CVB). Whilst there
is only one DE or one ME system in place in North
America, (NRC,1998), this is not the case in Europe.

15
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Ideal Energy System

The ideal energy system should result in predict-
able animal performance and carcass composition. It
must be equal in its suitability for ingredient evalua-
tion and for diet formulation. Obviously, the values
for each individual ingredient must be additive when
blended into a diet and it should be easy to determine
and/or estimate the energy values of ingredients and
feeds.  Finally, the energy values in an ideal system
should be accurate, precise and repeatable.

It is easy to conclude that none of the energy
systems available today completely fulfill these stan-
dards. As we will discuss later in this presentation,
each system has its advantages and disadvantages.
Perhaps what is most critical is a clear understand-
ing of the assumptions that are necessary in the use
of any of the energy systems. With this in mind, it
will be possible to achieve the greatest success in diet
formulation within a given system.

Existing Energy Systems

Functionally, energy can be classified according
to how it is used by the pig. Whittemore (1993) has
summarized this very well, as shown in Figure 1.
The gross energy, measured by complete combustion
of the feed sample, is presented to the pig, and a por-
tion is excreted as energy in the faeces; the residual
is DE. Of the DE, a portion is lost in the urine and
in gaseous excretions from the stomach; the residual
is ME. Of the ME, a certain portion will be used for
maintenance, including basal metabolism and the
heat of digestion. A further portion of the ME is lost
as heat due to that used for cold thermo genesis or for
the “work” required to support growth, reproduction
and/or lactation. If there is any energy left over, it is
deposited on the body of the pig to-support growth,
used for the production of milk in lactating sows or
retained as the products of conception in pregnant
sows. As can be seen in Figure 1, there is 2 consid-
erable quantity of energy “lost” between that which
is called DE or ME, and that retained by the pig.

The so-called “heat increment” has also been called
dietary induced thermo genesis, the thermic effect of
feed and specific dynamic action (Yen, 1997). The
classical definition of the different energy systems is
presented in Figure 2.

The sole difference between DE and ME is uri-'

- nary and gaseous energy losses. Generally, gaseous

losses are ignored as insignificant and urine is rarely
measured in energy balance studies. As a conse-

quence, most ME values have been derived arithmeti-
cally from DE values, which have been measured
directly. The benefit of the ME system over DE is-
therefore moot. Following are various equations
which have been used to convert DE to ME:

(1) ME = DE (0.998 — (0.002*CP))
{Noblet et al., 1989)

(2) ME = DE (1.003 — (0.0021*CP))
(Noblet and Perez, 1993)

(3) ME = DE (1.012 — (0.0019*CP)
(May and Bell, 1971)

Variation in any of the components related to

‘maintenance, to digestion or to the “work” of growth/

lactatien/reproduction brings in to play a fluctua-
tion in animal performance that will ot be predicted
by either DE or ME. The Net Energy system was
developed to address this issue, and in particular to
recognize the well-known differences in the energetic
cost of utilizing dietary protein, fibre, lipid or carbo-
hydrate. This is commonly referred to as the “heat
increment.” It varies substantially among the various
classes of ingredients commonly used in pork pro-
duction (Table 1). Ingredients that are high in crude
protein or fibre decline in relative energy content
when compared to ingredients that are high in fat or
carbohydrate. For this reason, Noblet et al. (1994)
estimates that the NE of tallow is very similar to its
DE or ME, while the NE of soybean meal is much
lower than its DE or ME.

The other factor that affects the “net energy” of
an ingredient, or a feed, is the composition of growth,
as well as the relationship between maintenance
and growth. The efficiency with which the pig uses
energy for lean gain differs from the efficiency of
energy used for lipid gain. The energetic efficiency
of protein gain has been estimated by the NRC ,
(1998) as.10.6 kcal ME/kg compared to that for lipid
gain of 12.5 kcal ME/kg. The difference in energetic
efficiency of protein versus lipid is exaggerated by -
the much greater quantity of water associated with
protein gain as compared to lipid. This problem can
be looked at another way. Various studies, reported
in the 1970°s and 1980’s, estimated the efficiency
with which ME was converted to NE. All reported
that the efficiency with which ME is used for protein



deposition was less than that for fat deposition, with
mean coefficients of 0.52 and 0.72 for protein and fat
deposition, respectively. Since the maintenance re-
quirement of the pig can be estimated at 106 kcal/kg
BW?®? (NRC, 1998), it becomes immediately clear
that in order for the net energy system to work well,
the ultimate use of the energy must be known. We
believe it is fair to say that such is not the case under
most commercial, or even research, conditions.

Other factors may affect NE. Because genotype
is one of the major determinants of the composition
of gain, it will affect the NE of the diet (Patience et
al., 2001). Furthermore, it is also known that geno-
types vary in their maintenance requirements (Noblet
et al,, 1999), although the differences are not large.

- The level of activity may also be a variable, depend-
ing on the nature of the housing system and the pig’s
social environment. Collin et al. (2001a,b) suggested
that the energetic cost of activity could vary from 47
to 59 kcal/kg BW®,

Axnother problem that is not addressed by ei-

ther DE or ME is the differing utilization of dietary
-components (eg. fat, fibre) by pigs of different ages
{Noblet, 1996}, These differences are substantial and
cannot be ignored. Simply stated, all of the energy
systemns are affected by what might be called ani-
mal factors, with age being the most obvious. One
can reasonably predict then, that irrespective of the
energy system adopted, at least two standards will be
required — one for growing pigs and lactating sows
and one for gestating sows. There is uncertainty as to
the suitability of energy values that were determined
using the growing pig being used for weanling pigs.

Other Energy Systems

Emmans (1994) has proposed an alternative
energy system that he has termed “effective energy.”

- It is based on predicting the heat increment of a diet
from its crude protein content and considering the ex-
tra-caloric effect of dietary lipid deposited directly as
carcass fat. The resulting equation predicts effective
energy from the ME value of an ingredient:

EE (KJ/kg)=1.17 ME_—-4.29 CP-2.44
(Emmans, 1994)

where ME _is the ME value measured or estimat-
ed at zero nifrogen retention and CP is the ingredient
crude protein content.

The Danes recently revised their energy evalu-
ation system. It remains based on their well-known
FU (feed units) system, which is now going to be
based on the physiological energy value of an ingre-
dient, or on its ATP equivalents. In this respect, the
Danes have rejected the net energy system, and in-
deed, any system based on bomb calorimetry. Their
new system, introduced in 2002, now has separate
energy values for gestating sows, as distinet from lac-
tating sows and growing pigs. Under the néw Danish
system, the following equation estimates the FU for a
growing pig (and lactating sow):

FU_=9.9*RDCP -+ 31.7*RDCF +factor*IDC +
7.0%FC —28*EUDMi '

where RDCP is real digestible crude protein,
RDCF is ideal digestible crude fat, IDC is ileal
digestible carbohydrate, FC is fermentable carbohy-

~ drate and EUDM i is enzyme undigested dry matter

measured at the ileum.

This new system has increased, in relative terms,
the energy value of barley, wheat and oats, but low-
ered the energy value of soybean meal, fish meal and
rapeseed meal, as compared to the previous Dan-
ish energy system. In this respect, the new Danish
system has had the same impact as net energy, that
18 to say it has decreased the relative value of pro-
tein sources and increased the relative value of low
protein ingredients.

Other Issues

The livestock industries (pigs, poultry, caitle) are
slowly acknowledging that great variability exists
in the energy content of common feed ingredients
(Fairbaim et al., 1999). Table 2 summarizes what
1s currently known in this regard. All of the feed
ingredients commonly used by the pork industry vary
much more in energy content that most of us wish
to admit. The challenge is in finding a solution to
this problem; certainly bushel weight, the ubiquitous
trading standard, must be discarded since for other

‘than extreme highs and lows, it has proven o be a

poor indicator of actual value to the pig (Fairbaim et
al., 1999). The problem of ingredient variability is
clearly illustrated in Figures 3 and 4.

Another issue surrounding all of the energy sys-

tems is their current inability to quantify the impact
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of feed additives or feed processing on the energy
made available to the pig. This problem, like the one
above, affects all of the energy systems equally. For
example, Zijlstra et al. (2002) showed an effect of en-
zymes (Figure 5) and Oryschak et al., (2002) showed
an effect of particle size on measured digestibility of
energy.

Finally, there remain serious challenges to pre-
dicting animal performance in response to changes
in dietary energy concentration, irrespective of the
energy system employed. Levesque et al. (2001,
2002) attempted to improve the growth rate of wean-
ling pigs through increases in dietary energy and was
unsuccessful in every attempt. The animals utilized
the experimental diets effectively, as feed efficiency
responded to changes in dictary energy concentration
as expected. Oresanya et al {2004) observed that NE
was ot superior to DE in predicting the weanling
pig’s response to changes in dietary energy concen-
tration.

Conclusions

~ It is difficult to draw any conclusion other than
a much greater understanding of energy metabolism
in the pig is required if diet formulation is to rise to
the next level of sophistication. Certainly, there is a
sense of comfort with the status quo, but given the
high cost of energy in the diet, there are compelling
economic reasons to expect more of our energy sys-
tems, With greater pressure on the industry, vis a vis
carcass composition and environmental impact, the
need for improvement will grow in the future.

One might reasonably ask that if additional re-
search on energy is required, why not utilize the best
possible platform for that work? 1t may very well be
that the NE system is not capable of achieving our

. expectations with respect to a dictary energy system.

However, it has many theoretical advantages over

“the DE and ME systems. It is least affected by the

nature of the diet and supports more economic use of
feed ingredients. Although much more knowledge on
the growth patterns of current genotypes is required
before it can be applied successfully in commercial
practice, it has the potential to address the differential
efficiency of use of energy for different components
of body weight gain. Before the net enetgy system
can be applied more widely in commercial practice,
a greater body of empirical data will be required to
support conversion from the current DE and ME
systems.
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Figure 1. Utilization of energy by the pig
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Figure 2. Classical definition of cn‘er‘gj systerns
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ZF'i-gure 3. Formulated versus measured DE content
(Kcallkg) of diets fed to weanling pigs
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Figure 4. Formulated Versus Measured DE Content
(Kcallkg) Of Diets Fed To Growout Pigs
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Figure 5. Use Of Enzymes To Reduce Variability In
DE Content
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Table 1. Effect of the choice of energy system on the relative energy value of common feedstuffs

Ingredient DE ME NE NEDE NE/ME
Mcal/kg  Index Mcal/kg = Index  Mecalkg Index *100 *100
Corn 3.78 100 3.65 100 2.97 100 79 81
Peas 3.88 - 103 3.75 103 . 2.64 89 68 70
Wheat 3.87 103 3.78 104 2.97 100 77 79
Soybean meal 391 103 3.65 100 1.93 65 49 53
Tallow 7.13 189 7.07 194 7.00 235 98 99

Data from Noblet et al., 1994. Index compares all ingredients to com, whoese respective energy value has arbitrarily
been set at 100 for companson purposes.

Table 2. Variation in the DE content of common feed ingredients

Ingredient Range in DE Energy Digestibility Best
Kcal’kg DM % % Indicator
‘Barley 2,980 to 3,480 15 73.6 to 78.1 Fibre
Com 3,490 to 3,970 - 13 86.3 to 88.8 Fat
Field peas 3,440 to 4,150 19 84.9 to 93.6 Fat
Wheat 3,360 to 4,050 19 80.3 to 88.0 Fibre .
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Summary

Acidification of nursery diets has been investigated for many years as a possible means to minimize or
eliminate post-weaning lag. A renewed interest in organic and inorganic acid addition to nursery pig diets has
arisen out of concerns regarding the routine use of sub-therapeutic levels of antibiotics in nursery pig diets.
This paper will not attempt to compare diet acidification with antibiotic use in swine diets. Instead it will

discuss the known and proposed modes of actions of various organic and/or inorganic acids and the effect that -

dietary buffering capacity may have on pig performance and acidifier effectiveness.

Introduction

At the time of weaning the young pig’s digestive
system is immature and not yet capable of efficiently
digesting a complex grain based diet. The microbial
population within the gastrointestinal fract at weaning
is very undiversified and unstable, making it suscep-
tible to colonization by pathogenic microorganisms,
Therefore, much attention has been placed on this
early nursery period. The addition of organic acids
to nursery pig diets have been shown to imaprove
nursery pig performance (reviewed by Mroz, 2003).
Proposed mechanisms of action include reductions or
stabihization of gastric pH, alterations in gut micro-
flora populations through bacteriostatic or bacte-
ricidal mechanisms, enhancement of endogenous
enzyme activity, stimulation of pancreatic secretions,
stimulation of absorptive cell proliferation, and -
stimulation of intermediary metabolism. Even with
all of these potential mechanisms, many studies have
been anable to observe an improvement in nursery
pig performance with the acidification of nursery pig
diets. Possible dietary factors, which may influence
the response to acidification include: type of acid,
inclusion level, diet composition, dietary buffering

capacity, age at weaning, length of inclusion post-
weaning, and the existing level of performance in
pigs fed a negative control diet.

Literature Review

Independent of weaning age, pigs undergo a
post-weaning growth lag for approximately one
week (Leibbrandt et al., 1975; Carroll et al., 1998).
At weaning, the pig undergoes a transition from a
highly palatable and digestible milk diet to a dry,
cereal based diet. The delayed adaptation of the
swine gastrointestinal tract to these more complex
diets negatively impacts performance and may lead
to gastric upsets such as diarrhea or scouring (Aberne
et al., 1992). Major causes of digestive inefficien-
cies post-weaning include: insufficient production
of certain carbohydrases (Chapple et al., 1989} and
proteases (Makkink et al., 1994), and insufficient pro-
duction and secretion of hydrochloric acid from the
stomach (Cranwell, 1985; Doyle, 2001). Instabilities
in gastric pH and ineffecient digestion caa provide an
optimal environment for the proliferation of patho-
genic microorganisms in the gastrointestinal tract.
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In an attempt to combat this post-weaning lag,
numerous researchers have investigated the effects
of acidying nursery pig diets with supplementary
organic acids. Proposed modes of action of dietary
acidification are discussed below:

Modes of Action of Dietary Acids

Gastic pH. Hydrochloric acid secreted by
parietal cells in the gastric region of the stomach is
responsible for the acidic conditions found in the
stomach. Hydrochloric acid secretion is lowest at
birth and increases with age (Cranwell, 1995). Chy-
mosin, a milk clotting protease, is the dominant pro-
tease found in the stomach during the first 3-4 weeks
of age. However, following weaning pepsinogen A
increases and becomes the dominant protease. The
pH optima for chymosin is between 3 and 5; whereas
pepsinogen has a lower pH optima between 1 and 3.
Therefore, while HCI secretion prior to weaning may
be sufficient for chymosin activation and activity,

_ it may be insufficient for pepsinogen activation and *

activity. Therefore, many researchers have attempted

. to reduce the gastric pH in nursery diets by acidifying

the diet. The addition of organic acids to swine diets
has been shown to decrease gastric pH. Radcliffe

et al. (1998) fed weanling pigs citric acid at 1.5 and
3.0% inclusion levels. They observed a significant
decrease in diet pH which caused a significant de-
crease in stomach pH at both levels of acid inclusion.
However, Risley et al. (1992) fed citric and fumaric
acid and did not see a change in gut pH at slaughter.
Gastric pH changes with time and contents of the
stomach, therefore, it is difficult to compare stomach
pH between researchers unless the same slaughter
procedures were carried out. Prior to slaughter, pigs
should be fasted, fed a set amount, and killed a set
time later to ensure all pigs being compared are at the
same stage of digestion. Rice et al. (2002) observed
a reduction in gastric pH in pigs fitted with an endo-
gastric pH probe when diets containing 3.0% citric
acid were fed.

Digesta transit time. As gastric pH decreases,
gastric emptying slows. Therefore, there is addi-
tional time for digestion and absorption of nutrients

. throughout the gastrointestinal tract. As a result,

it has been hypothesized that the acidification of '
nursery diets may increase gastric retention times and
thereby increased nutrient absorption. However, very
little direct evidence is available with regards to this
mode of action.

Manipulation of gut microflora. There are two
predominant mechanisms through which organic
acids are hypothesized to alter microbia} popula-
tions in the gastrointestinal tract. The first is siraply

~ a selection of “beneficial” commensal bacteria by a

lowering of gastric and/or gastrointestinal pH. For
instance, Fuller (1977) demonstrated that acidic con-
ditions favor the growth of lactobacillus bacteria in
the stomch, which may act to competititively exclude-
the growth of other potentially pathogenic bacteria.
Furthermore, lactobacillus has the ability to destroy
E. Coli through the preduction of lactic acid, which

* i tum lowers pH. Second, organic acids in their

undisassoicated form may diffuse through semi-per-
meable bacterial membranes, and once inside disas-
sociate in hydrogen ions and conjugate bases, thereby
lowering cytosolic pH and inhibiting cytosolic .
enzyme activity (Lueck, 1980).

Pancreatic enzyme secretion. The secretory
ability of the pancreas is not fully functional at the
time of weaning. Pancreatic secretions are stimulated
through a series of hormonal mechanisms under the
control of the autonommic nervous system, Several
researchers have observed increases in endocrine
and exocrine pancreatic secretions in pigs as a result
of increased intra-duodenal concentrations of short
chain fatty acids (Harada et al., 1986; Sano etal,,
1995).

Gut morphology. At weaning villous height
decreases and crypt depth increases, resulting in a de-
creased absorptive capacity (Cera et al., 1988; Pluske
et al., 1996). These alterations in morphology are
likely a result of a reduction in feed intake immedi-
ately post-weaning. Little is known about the effects
of diet acidification on gastrointestinal morphol-
ogy. However, Sakata et al. (1988) reported that the
production of short chain fatty acids from fermenta-
tion of fiber, resulted in an increased proliferation of
epithelial cells lining the gastrointestinal tract. This
should result in an increased absorptive capacity. In
support of these findings, Galft and Bokori (1990).
observed an increase in micorvilli length and cell
number with increasing concentrations of sodium
butyrate in the ileal umen.

- dntermediary meiabolism. 1t has been hypoth-
esized that organic acids may stimulate intermediary
metabolism zesulting in improvements in energy



and/or protein/amino acid utilization {Kirchgessner
and Roth, 1988). Studies carried out utilizing for-
mic acid addition to weanling pig diets increased

the activities of a-ketoglutaric dehydrogenase and
glutamate-pyruvate transaminase (Grassmann et al.,
1992). Studies were also carried out to investigate the
effect of the addition of dietary fumaric acid on inter-
mediary metabolism in the rat liver {Tschierschwitz
et al., 1982; Grassmann and Klasna, 1986). Results
from both of these studies showed no effects of
fumaric acid on the activities of enzymes of the citric
acid cycle. However, Tschierschwitz et al,, (1982)
observed increased activity of asparate tranferase and
succinate dehydrogenase with the addition of fu-
maric acid to rat diets. Grassmann and Klasna {1986)
noted that fumarase activity in the cytosolic fraction
was increased by fumaric acid supplementation.
They also found that liver transaminases, glutamate
dehydrogenase, glutamate-oxaloacetate transaminase
and glitamate-pyruvate transaminase activities were
increased suggesting an increase in the synthesis of
non-essential amino acids.

The Effects of Die Acidification on Nursery Pig
Performance

_ Several studies (Falkowski and Aherne, 1984;
Radcliffe et al., 1998; Boling et al., 2000) reported
an improvement in growth performance of nursery
pigs fed acidified diets. In a study by Jongbloed et al.
(1996), an increased ADG was observed when grow-
ing pigs were fed diets containing lactic acid, formic
acid, or propionic aid. Giesting et al. (1991) observed
an improved growth performance in nursery pigs fed
diets containing 3% formic acid. Krause et al. (1994)
also observed an increase in growth performance
of nursery pigs during first two weeks post-wean-
ing, when fed fumaric acid supplemented diets. In
. studies by Falkowski and Aherne (1984), and Giest-
ing and Easter (1991), an improvement in ADG of
weaned pigs was observed when fed diets containing
fumaric acid. Radcliffe et al. (1998) and Boling et al.
(2000), observed a significant improvement in ADG
when nursery pigs were fed diets containing citric
acid. Diet acidification using organic acids can also
improve feed efficiency in nursery pigs (Falkowski
.and Aherne, 1984; Boling et al., 2000). In their study,
Komegay et al. (1994) observed an improvement
in body weight gain in weanling pigs fed acidified
diets. In a study by Patience and Chaplin (1997)
faster growth rates and a trend for improved feed
efficiency was observed in pigs fed acidogenic diets

" (low dietary undetermined anion), compared to pigs

fed control diets or partially compensated acidogenic
diets (which had been supplemented with sodium and
bicarbonate to elevate dietary undetermined anion).

The Effect of Diet Acidification on Nutrient Di-
gestibility

Mroz et al. (2000) observed a tendency for im-~
proved ileal digestibility of DM, OM, and amino ac-
ids like arginine, isoleucine, phenylalanine, alanine,
aspartic acid, and an increase in apparent total tract
digestibilities of DM, ash, Ca, CP, and GE, when pigs
were fed diets supplemented with calcium benzoate
{used to obtain low buffering capacity). They ob-
served a significant improvement in average calcium
retention by 3.3% of its intake in growing pigs which
were fed diets supplemented with calcium benzo-
ate, compared to pigs fed diets containing calcium
carbonate. However they observed a negative effect
of calcium benzoate on P retention. Replacement of
calcium carbonate with calcium benzoate decreased
total P retention by 2.3 % units (expressed as per-
centage of intake). These researchers also observed
an improvement in Ca and P retention when organic
acids were supplerented to the diet. Babinszky et al.
(1998) and Blank et al. (1999) observed a significant
improvement in the ileal digestibility of crude protein
and amino acids by up to 4.6 %-units with inclusion
of 1% formic acid or 2% fumaric acid in cereal-soy-
bean meal based diets for weanling pigs. Mosenthin
et al. (1992) observed an improvement in the appar-
ent ileal digestibilities of several indispensable amino
acids when 2% propionic acid was supplemented to
the diet. Mroz et al. (1998) reported an increase in

-apparent ileal digestibilities of CP and amino acids

in growing pigs when supplementing formic, fu-
maric, or n-butyric acid at an inclusion rate .of 300
mmol/kg to diets with varying buffering capacities.
An improvement in nutrient digestibility was also
observed in nursery pigs by Jensen et al. (1998),
Radcliffe et al. (1998), and Partenen and Mroz (1999)
when diets were supplemented with organic acids.
However Waltz and Pallauf (1997) did not observe
any improvement in amino acid digestibility or feed
efficiency when piglets were fed diets supplemented
with 1.5 % fumaric or citric acid.

Elevated gastric pH may lead to é decreased
gastric proteolysis as a result of inefficient pepsin
hydrolysis. As a result of this a greater proportion of
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proteins may enter the small intestine intact, result-
ing in a decreased efficiency of protein digestion
(Blank et al., 1999). In research by Makkink et al.
{1994) an increased proteolysis was observed in early
weaned pigs when fed skim milk powder, compared
to pigs fed soybean meal. This indicates the inability

- of the young pig to properly utilize vegetable protein

sources compared to ammal protein {milk) sources
after weaning. Studies in humans and dogs, by Mayer
and Kelly (1976), and Mayer et al. (1976), showed
that the end products of pepsin digestion namely
peptides and amino acids, stimulate the secretion of
pancreatic juice. Inadequate proteolysis in the stom-
ach due to insufficient HCI secretion and resultant
high gastric pH in young pigs might be a reason for
low secretion of pancreatic enzymes (Linderman et
al. 1986). Risley ct al. (1992) measured the pH of
digestive tract contents at 2 d pre-weaning, and 0, 3,
7, 14, and 21 d post-weaning in pigs fed diets supple-
mented with either fumaric or citric acids. They did
not observe any reduction in gastric pH with acidifi-
cation of starter diets. So, it is important to note that
acidification of starter diets does not always lead to a
reduction in gastric pH. One of the factors influenc-
ing the response of digestive tract pH to diet acidi-
fication could be dietary buffering capacity (Blank

et al., 1999), and this may be one of the important
reasons for the inconsistent results obtained in studies
with organic acids on gastric pH.

According to Bolduan et al. (1998), buffering
capacity of the diet is largely dependent on the source
of protein and minerals in the diet. High buffering
capacity diets resulting from supplementation of
inorganic sources of calcium and (or) phosphorous,
leads to lowered ileal digestibilities of OM and CP
(Decuypere et al., 1997). Mroz et al. (1998) observed
a non significant decrease in ileal digestibilities of
CP and amino acids due to higher buffering capac-
ity of the diet. Gabert et al. {19952) did not detect
differences in ileal digestibilities due to a higher
buffering capacity of the diet. However, Blank et al.
(1999} observed a good correlation (= .44 to .68)
between the apparent ileal digestibilities of amino
acids on day 11 post-weaning and the concentration
of fumaric acid in diets with low buffering capacity.
However, no relationship between ileal digestibilities
and fumaric acid supplementation to diets with a high
buffering capacity was observed. So, an increased
dictary buffering capacity has the potential to lower
the digestibility of nutrients in young pigs. '

According to Patience et al. (1987), dietary
acidity or alkalinity can be manipulated using vari-

“ous inorganic mineral sources, which could serve as

alternative source for pH modification in the diets of
swine and poultry. According to Hardy (1992), of all
the minerals Ca is the most active element affecting
the acid-binding capacity or buffering capacity of di-
ets. As stated by Petito and Evans (1984), sources of
calcium and phosphorus can influence the acidity or
alkalinity of the diet. Ca and P are the major minerals
supplemented to monogastric diets. Since they have -
the capacity to alter the buffering capacity of the diet,
careful selection of these mineral sources as buffer-
ing capacity modifiers, in place of other expensive

acidifiers (organic acids and/or their salts) could be

beneficial,

The Effects of Diet Acidification on Microbial
Populations Colonizing the Gastrointestinal Tract

Much research has been carried out to evaluate
the effects of organic acids on gut microflora yield-
ing often variable results. These results have been
primarily attributed to differences in the dietary acids
used, their inclusion levels, pig health and composi-
tion of diets. A review by Mroz (2003), established
the following order of killing potency of coliform

-bacteria for organic acids: propionic<formic<butyric

<lactic<fumaric<benzoic. In another study, Jensen et
al. (2001) demonstrated that the potency of organic
acids against Salmonella typhiumurium in gastric
digesta at pH 4 was in the following order: acetic<
formic<propionic<lactic<sorbic<benzoic. Results
from the literature indicate that dietary acid addi-
tions are only detected in the proximal GI tract and
therefore the direct effect on microbial populations
are expected in this segment (Jensen et al., 2003). A
new micropackaging technique has being developed
to produce a microcapsule which allows for the slow
release of organic acids therefore allowing the entire
GI tract access to the antimicrobial activity of the
dietary acid. The encapsulation process also has the
benefit of masking the acrid odors of some of acids,
which will increase their palatability (Mroz, 2003).

Knarreborg et al, (2002) developed an in vitro
method to study the effects of various dietary ac-
ids on the microbiota in the gastrointestinal tract of
piglets. This tool allows for the evaluation of organic
acids antimicrobial function and the subsequent iden-
tification of potential beneficial acids prior to in vivo



experimentation. Knarmeborg et al. (2002) observed,
using a batch culture system, that six different organ-
ic acids had the ability to reduce coliform and lactic
acid bacteria in the stormach at pH 4.5. Lactic acid
bacteria were noted to be more resistant to the action
of organic acids thaa coliforms. Of the acids evalu-
ated, benzoic acid had the most potent antimicrobial
activity against coliforms followed by fumaric acid
and these were the only acids which exhibited the
ability to kill lactic acid bacteria. This study dermon-
strated a pH-dependent inhibition of bacterial growth;
as the pH decreased the antibacterial activity of the
organic acid increased when the concentration of the
acid was held constant.

In vivo work with organic acids began as early
as 1966 when Kershaw et al, reported a reduction in
E. coli counts in the duodenum and jejunum of pigs
receiving lactic acid in drinking water. Thomlinson
(1981) also observed a reduction in the multiplication
of E. coli 014]1.K85 and consequently a reduction in
piglet mortality as a result of acidification. Similar
effects of organic acids on the coliform burden of the
gastrointestinal tract have been observed (Bolduan et
al, 1988b; Mattew et al, 1991; Johnson 1992) along
with reductions in post-weaning scours (White et al,
1969).

. Roth and Kirchgessner (1997) observed that
formic acid addition at 1.2% for 6 to 12 kg pigs or
0.6% for 13 to 25 kg pigs reduced the frequency
of post-weaning diarrhea. Formic acid did not alter
gastrointestinal pH significantly however there was a
reduction in the E. coli population of the duodenum
and jejunum which explains the observed reduction
in the incidence of diarrhea.

Lactic acid (0.7 to 2.8%) has been shown to
increase the concentration of lactic acid bacteria and
yeast along the gastrointestinal tract and decrease
the abundance of coliforms (Maribo et al., 2000).
The abundance of yeast is maintained under these
circumstances as yeasts have the ability to metabolize
lactic acid. Maribo et al, (2000b) proposed in order
to maintain the lactic acid bacteria population and
decrease populations of both yeast and coliforms a -
combination of formic acid and lactic acid should be
used. There is also evidence that Iactic acid (2.8%)
has the ability to reduce the number of salmonelia
positive fecal samples from piglets (Jergensen et al,,
2002). Biagi et al. (2003) observed that the addition
fomaric acid (1%) to a low buffering capacity diet
resulted in lower counts of clostridia in the jejunum
and lower counts of clostridia and coliforms in the

cecum compared to the control. Counts of lacto-
bacillus, eubacterium spp. and also the sum of the
main flora in the duodenum, jejunum and ileum were
significantly reduced as a result of fumaric acid inchu-
sion at 1.8% in the diet of weanling pigs (Gedek et
ak, 1992b).

In contrast, some studies failed to observe any
effect of organic acids on microbial populations.
Risley et al., (1992) found no effect of fumaric acid
(1.5%) on lactobacillus, coliforms or E. coli counts
along the gastrointestinal tract and also observed that
dietary acidification (1.5% fumaric or citric acid) did
not prevent scouring and a growth lag from occur-
ring following an . coli challenge (Risley et al.,
1993). Likewise, Clark and Batterman (1989) failed
to detect any reduction in the incidence of scouring
following dietary acidification.

Influence of Dietary Acids on Microbial Fermen-
tation Patterns

Intestinal fermentation mainly occurs in the
distal ileum and in the hindgut (Decuypere and Van
der Heyde, 1972) where energy is the limiting factor
for microbial growth. Such limitations may result in
increased proteolysis and release of toxic substances,
such as ammonia and amines (Jrskov et al., 1970;
Russell et al., 1983). Amino acid degradationby
small intestinal bacteria deprives the pig of nutrients
and the toxic catabolites produced have the poten-
tial to affect both the nutritional and physiological
status of the animal primarily by interference with the
growth and differentiation of intestinal epithelial cells
(Gaskins, 2001).

One of the amino acid catabolites that bacteria
can produce are amines. They are formed via decar-
boxylation of amino acids and polyamines. The most
common amines produced which are pharmacologi-
cally active in the gut include cadaverine, histamine,
putrescine and tyramine (Drasar and Hill, 1974).
Increased amine production by intestinal bacteria
has been associated with diarrhea at weaning in pigs
(Porter and Kenworthy, 1969). '

Another toxic catabolite of microbial amino acid
degradation and urea hydrolysis is ammonia. A wide
range of intestinal bacteria exhibit urease and there-
fore have the ability to convert urea which is synthe-
sized by the liver to ammonia. The toxic ammonia
is absorbed by the colon and normally undergoes
detoxification via reconversion to urea in the liver,
However, ammonia conceatrations in the colon of a
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conventional pig are commonly several times greater
than the capacity of the liver for detoxification. There
is evidence to suggest that high ammonia concentra-
tions arising from both amino acid deamination and
urea hydrolysis can depress growth performance of
pigs (Visek, 1978a). Ammonia increases epithelial
cell tunover by effecting cellular metabolism and
DNA. synthesis (Visek, 1972, 1978b). Urea hydroly-
sis does not occur in germfree animals (Levenson et
al., 1959) and epithelial cell turnover is also sub-
stantially reduced (Galjaard et al., 1972). Visek et al,

{1978a) has hypothesized that the reduction in micro- -

bial produced ammonia is the primary mechanism by
which antibiotics carry out their function. Microbial

‘produced ammonia can also be reduced through the

addition of ion-exchange resins capable of ammonia
absorption (Pond and Yen, 1987). Also the addition
of a fermentable carbohydrate source which enables
the bacteria to use ammonia as a nitrogen source for
the synthesis of microbial protein reduces the ammo-
nia burden on epithelial cells (Byrant, 1974).

Ammonia content in the stomach was lowered
by increasing dosage of formic acid (0.6 -2.4%) but
was not significantly affected in other parts of the
gastrointestinal tract (Eckel et al., 1992b). In the
small intestine, concentrations of amines (cadaver-
ine, putrescine and spemidine) were not affected by

* formic acid supplementation. The addition of formic

acid at 1.25% resulted in significantly lower levels of
ammonia in the stomach and small intestine how-
ever the addition of the buffer, sodium hydroxide,
increased ammonia production as a consequence of
creating a more favorable environment for bacterial
growth (Eidelsburger et al., 1992a). Monsenthin et al,
(1992) observed that the addition of propionic acid at
2% had no effect on the concentrations of ammonia
or amines in ileal digesta.

Effects of Diet Acidification on Fecal and Uri-
nary pH

Livestock waste is a potential source of environ-
mental pollution and its associated problems. Am-
monia is one of the major environmental pollutants
originating from the livestock industry, resulting
from inadequate utilization of feed nitrogen (i.e., feed

protein). Inefficient protein utilization leads to excre-

tton of nitrogen in the form of urea via the urine.
Urea is converted to ammonia by the catalytic action
of urease. Improving feed nutrient utilization and
minimizing urinary nitrogen excretion, results in a
reduction of ammonia emission into the atmosphere.

Another important strategy suggested by several re-
searchers (Cahn et al. 1997; Sutton et al. 1997; Mroz
et al 2000a) to reduce ammonia volatilization into the
atmosphere is manipulation of manure or urinary pH
by diet modification. In a study by Cahm et al. (1997),
a lowered unne pH (ranged from 1.6 to 1.8 units)

and slurry pH was achieved by decreasing the dietary
buffering capacity (achieved by replacing dietary
calcium carbonate which is alkalogenic by acido-
genic calcium salts, such as calcium suipbate). These
researchers also observed a reduction in ammonia
emissions by 26% to 53% by including acidogenic
Ca salts up to dietary Ca concentrations of 7g/kg to
10g/kg. Sutton et al. (1997), observed a reduction

in swine manure pH when 5% cellulose was added
to the diet. Hendricks et al. (1997) observed a 37%
reduction in ammonia emissions by feeding calcium
benzoate to grow-finishing pigs in place of calcium
carbonate. Kim and van Kempen (2001) observed

a reduction in ammonia emissions associated with
growing pigs, by 30%, when fed diets contain-

ing a combination of phosphoric acid and calcium
sulphate, and by 15% when fed diets contained a
combination of monocalcium phosphate and caleium
sulphate. From these results, it can be concluded that
diet manipulation of acidogenic agents can reduce
ammonia emission from swine manure. In their study
Mroz et al. (2000b) observed a reduction in urine
pH in pigs fed diets containing acidogenic calcium
sulphiate, when compared to pigs fed diets containing
alkalogeinc calcium carbonate. In another study by
Mroz et al. (2000a) a lowered urine pH was observed
when pigs were fed Ca sulphate compared to calcium
carbopate. '

The Role of Dietary Buffering Capacity
It is of utmost importance that the gastric pH of
newly weaned pigs remains low in order to initi-

" ate protein digestion and to create an inhospitable

environment for the colonization of pathogenic bacte-
ria. Some feed has the ability to bind more acid than
others (Jasaitis et al., 1987; Bolduan et al., 1988a,b}
and the use of such feeds in starter diets will help

to maintain a higher gastrointestinal pH. It is there-
fore possible to manipulate diet buffering capacity
through the careful selection of ingredients that do
not resist changes in pH (Jasaitis et al., 1987; Bold-
uan et al., 1988a,b).

There are a number of ways in which the acid
buffering capacity of feed can be determined. Ja-
saitis et al. (1987) defined the titration value (TV) of



feed as the amount of HCI in milliequivalents (meq)
required to lower 0.5 g of a feed sample to pH 4.
The acid buffering capacity of the feed which was
defined as the amount of acid required to cause a
one unit pH change was calculated by dividing the
TV by the change in pH of the feed from its initial
value to 4. Straw et al. (1991) detenmined the TV of
‘10 g of digesta by mixing it with 50ml of deionized
water overnight and then adding 0.2 N HC1 until pH
2'was reached. The sample was then back-titrated to
pH 8 using 0.2 N NaOH. The TV was calculated by
subtracting the meq of NaOH/kg of digesta required
to increase pH from 2 to 8 from the meq of HCl/kg
digesta required to lower the pH 2. Bolduan et al,
(1988) defined the acid binding capacity of feed as
the millimoles of HCI required to reduce the pH of a
100g of sample to pH 4.

Factors Effecting Buffering Capacity of Feed

Feed type. The acid buffering capacity of dif-
ferent feeds varies substantially. Cereals and cereal
by-products are known to have the lowest buffering
capacity, protein feedstuffs have intermediate to high
buffering capacity and mineral sources have the high-
est buffering capacity with the exception of monoso-
dium phosphate and dicalciwm phosphate (Partanen
and Mroz, 1999). Roth and Kirchgessner, (1989a)
found that the addition of mineral sources and protein
to diets weakened the pH lowering ability of acids.

- A study conducted by Kornegay et al. (1994) ob-
served that when pigs were fed a 16% CP diet, bone
stress values increased as diets became less acidic,
however stress values were unaffected by diet acid-
ity when 22% CP diets were fed. This suggests that
protein acts as a buffer to modify the acidic potential.

“Consequently, its seems plausible that feed ingredient
selection greatly influences dietary buffering capacity
and may help to explain some of the variability expe-
rienced in relation to the efficacy of dietary acidifiers.

Mineral sources. The mineral content of feed is
~ an important factor influencing its ability to bind acid
{Jasaitis et al., 1987; Bolduan et al., 1988). The ratio
of cations to anions in feed ingredients remains con-
stant even though individual concentrations of each
may fluctuate (Jasaitis et al., 1987). Lawlor (1992)
found that the dietary buffering capacity of a variety
of feedstuffs was correlated (P<.001) with cation-an-
‘ton difference [(Ca + Mg +K + Na)~(CI+ N+ P +
Si+ S) and {Ca + Mg + K + Na) - (C1 + P + 8}], total

cations (Ca + Mg + K + Na) and total ash. Mineral
sources such as calcium carbonate and defluorinated
phosphate are more alkaline minerals and have high
buffering capacity compared to dicalcium phosphate
and calcium sulfate which are more acidic and have
low buffering capacity (Straw et al., 1991; Kornegay
etal, 1994).

Influence of Buffering Capacity on the Effective-
ness of Dietary Acidification

The choice of mineral source can have a substan-
tial influence on acid buffering capacity of the diet to-
gether with the amount of mineral content (Roth and
Kirchgessner, 1989a). Blaok et al. (1999) observed
that a high buffering capacity diet brought about by
supplementation of 3% sodium bicarbonate decreases
apparent ileal digestabilities of CP and amino acids.
Likewise Decuypere et al, (1997) showed that a high
buffering capacity diet as a result of supplementation.
with inorganic calcium and (or) phosphorus sources,
leads to lower ileal digestibilities of OM and CP. In
contrast, Gabert et al. (1995} did not detect differ-
ences due to high buffering capacity. Komegay et al.
(1994) reported an improvement in growth rate as
a result of manipulation of calcium and phosphorus
sources to yield diets with low buffering capacity. -
They also reported failure to detect a lowering of
gastric or intestinal pH as a result of diet acidifica-
tion which concurs with findings of other researchers
(Straw et al,, 1991; Risley et al., 1991, 1992).

The response to acidification of starter diets
reveals a considerable variation in the action of dif-
ferent organic acids. One possible explanation for

these inconsistencies is the difference in acid buffer-

ing capacity of the diets. Blank et al. (1999) reported
a positive correlation between ileal digestibilities of
GE and CP and fumaric acid supplementation to the
diets with low buffering capacities. This relationship
was absent when fumaric acid was supplemented to
diets with high buffering capacity. However, the posi-
tive effects of fumaric acid supplementation and low
buffering capacity were only observed during the first
3 to 4 weeks post-weaning, This suggests that the
beneficial effects of fumaric acid may be related to
morphological changes in the young pig aund farther
maturation of its own digestive system makes organic
acid supplementation redundant.

In contrast, Gabert et al. (1995) concluded that
the addition of formic acid to diets with high and low
buffering capacity did not affect the apparent ileal
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digestabilitics of AA. The study also reported that
there was no effect on nutrient digestibility or micro-
bial populations in the small intestine. The findings
from a study conducted by Biagi et al. (2003) how-
ever state that reducing the buffering capacity of the
diet positively influenced the composition of intes-
tinal microfiora, reducing clostridia in the jejunum
and clostridia and coliforms in the caecum. They
concluded that feeding low buffering capacity diets

" in conjunction with citric or fumaric acid can result

n growth rates similar to that of plasma protein diets
and enable the population of undesirable bacteria to
be kept in check.

Conglusions

Diet acidification has been shown to improve
weanling pig performance. Known and proposed
modes of action include: reductions or stabilization of
gastric pH, alterations in gut microflora populations
through bacteriostatic or bactericidal mechanisms,
enhancement of endogenous enzyme activity, stimu-
lation of pancreatic secretions, stimulation of absorp-
tive cell proliferation, and stimulation of intermediary
metabolism. However, response to diet acidification
may be affected by: type of acid, inclusion level,
diet composition, dietary buffering capacity, age at
weaning, length of inclusion post-weaning, and the
existing level of performance in pigs fed a negative
control diet. Recent research at Purdue University
bas demonstrated that there may be beneficial effects
to altering the type of acid included in nursery diets
(i.e. rotational schemes with inorganic and organic
acid blends). Water acidification has also been shown
to be effective, However, recent work at Purdue has
also demonstrated that you can provide “too much of
a good thing”. Combining water acidification with
diet acidification resuited in a depression in feed
intake and subsequent performance.

 Future research is needed to further delineate
proper rotational strategies with dietary acidifiers,
and the role of dietary buffering capacity on acidi-
fier effectiveness. Lalitha et al. (2003) demonstrated
a reduction in gastrointestinal pH in broilers feda
low buffering capacity diet compared to broilers fed
a control diet. Therefore, the level of acid needed to
elicit a response may differ drastically depending on
the buffering capacity of the diet.
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Summary

Considerable research published in the scientific literature shows conclusively that spray dried animal
plasma (SDAP) added to phase 1 starter diets will enhance gain and feed intake of pigs. The first week post-
weaning is usually when the biggest response is observed. Spray dried porcine plasma (SDPP) is superior
to spray dried bovine plasma. The immunoglobulin fraction appears to be responsible for a major portion of
the growth response. Many potential replacements for SDAP have been used in diets for early weaned pigs
including fish meal, milk proteins, egg proteins, soy proteins and wheat gluten, but none have proven equal
to plasma products. It is reasonable to assume that the amino acid pattern of SDAP can be duplicated, but
the apparent benefit of passive immunity réceived by the pig from the globular portion of the product has not
been duplicated. Bioengineering of milk producing animals, laying hens and/or microorganisms to produce
the beneficial globular proteins of SDAP may be possible in the future.

Introduction

Newly weaned pigs may perform poorly if not
fed a high quality diet that contains relatively high
levels of animal products. These pigs if fed a forti-
fied com-soy diet may actually lose weight for a few
days and may develop diarthea, which further com-
pounds the feed intake and growth “lag.” 1t is well
known that diets containing relatively high levels of
lactose and animal proteins support higher perfor-
mance levels than “vegetarian” diets. Accepted also
is that the inclusion of spray dried plasma protein in
phase 1 diets is essential to maximize rate of gain for
the first couple of weeks afier weaning. A question
worthy of consideration today is, are there replace-
ment strategies available if the pig industry could not
use any animal by-product in feed?

Spray Dried Animal Plasma

Several studies have been conducted with SDAP
since the early work at Iowa State (Gatnau and Zim-
merman, 1990} that showed improved performance
of pigs fed SDAP in the starter diet. Hansen et al.
(1993) showed conclusively that starter pigs fed

spray dried porcine plasma consumed more feed and
gained more rapidly than pigs fed spray dried blood:
or spray dried bovine plasma. The blood products
replaced dried skim milk (DSM) or dried whey in
their studies.

Attempts have been made to explain the _
reason(s) for SDAP’s superiority in phase 1 starter
diets and several possible modes of action have been
put forth. Ermer et al. (1994) suggested that SDPP
is more palatable than a combination of dried why,
dried skim milk and lactose. They showed conclu-
sively that pigs prefer a diet containing SDPP as
compared to dried skim milk, but that does not prove
that “palatability,” per se, explains performance dif-
ferences. .

Considerable evidence has been accumulated
indicating that the immunoglobulin (IgG) fraction of
SDAP plays a major role in performance enbance-
ment. Several abstracts were published in 1995
{Weaver et al.; Pierce et al.; Owen et al.; Gatnan et
al.) showing that most of the performance response
due to feeding SDPP in the starter diet was due to
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the IgG fraction. The response obtained from the
albumen fraction was usually positive, but varable,
whereas the response from a low molecular weight
fraction was often negative. Coffey and Cromwell
{1993) suggested that the response was probably due
to improved immunocompetence gained from the
immunolglobulin part of SDPP. They showed that
SDPP gave a larger response in conventional nursery
facilities than in a very high-health, environment con-
trolled, off-site nursery.

The role of immunocompetence in enhanced
pig performance is further suggested by the work
of Stahly et al. (1994). They indicated that SDPP
enhanced both rate and efficiency of growth in pigs
with a high degree of antigen exposure, but not in
pigs with a low degree of antigen exposure. The
fact that SDPP is more effective than SDBP (Hansen
et al., 1993: Smith et al., 1994) further suggests an
involvement of the immune system of the animal and
the immunoglobulin fraction of SDAP.

Other modes of action have been proposed and
are discussed in the excellent review article by van
Dijk et al. {2001). The above review also summa-
rizes many growth experiments using spray dried
plasma. Readers are also encouraged to peruse the
review by Campbell (1998) that summarizes several
feeding trials as well as processing, etc.

Potential Plasma Substitutes

Grinstead et al. (2000) presented results from
five separate experiments comparing a concentrated
whey protein product (WPP) containing 73% CP
with SDAP. They concluded that WPP can be used
in combination with or as a total replacement for =~
SDAP in diets for weanling pigs without reducing
performance. Close examination of their data show
that the WPP response is much more variable than
the response from SDAP. Gain of weanling pigs fed
WPP did not equal those of pigs fed SDAP in two of
the five experiments,

Virtually all of the experiments discussed in the
SDAP section of this report show that neither dried
skim milk nor dried whey (DW) are equal to SDAP
for performance enhancements. Almost all of the
research reported showing a SDAP response was
in experiments where either DSM and/or DW were
replaced.

Fish meal often used in weanling pig diets has
been considered to be a high quality protein and
certainly complements SDAP in those diets provid-

ing a highly digestible source of amino acids includ-
ing the sulfur containing amino acids. Bergstrom

et al. (1997) conducted two experiments comparing
SDAP and select menhaden fish meal in diets for
early weaned pigs (12-14 days of age). Fish meal

- was equivalent to SDAP in high health states pigs

reared in SEW facilities, but SDAP was superior to
fish meal when pigs were raised in a conventional all-
in/all-out on-site nursery. The SDAP response was
apparentily greater in the on-site nursery compared

to the SEW nursery again suggesting that immune
function and health status are involved in the mode of
action of SDAP. Nessmith et al. (1997) have report-
ed indirect evidence to show that a fish meal-casein

. Iixture was not as efficacious as SDAP in weanling

pig diets. In their work, the substltutlons were made
on an isolysinic basis.

Some research has been conducted to compare
egg products/by-products with SDAP in pig starter
diets. Schmidt et al. (2003) reported that neither

spray dried technical albumen (SDTA) or spray dried ‘

whole egg supported performance equal to SDAP in’
17 d of age weaned pigs. Actually replacing 7.5%
SDAP with 7.5% SDTA decreased performance.
Zimnmerman (1999) reported that substituting an in-
edible egg by-product (a mixture of whites and whole
eggs) for SDAP in pig starter diets actually depressed
gain and gain:feed ratio. James et al. (1999) found -
that a similar inedible egg product was a good source
of amino acids in-starter diets, but did not enhance
performance as did SDAP.

To the author’s knowledge, vegetable sources of
protein have never been shown to be equal to SDAP.
Chae et al. (1999) compared soybean meal, dried
skim milk, isolated soy protein and wheat gluten
with SDPP. The wheat gluten product (80% CP) did
support performance equal to dried skim milk and
was better than either soybean meal or isolated soy
protein, but was inferior to SDPP.

Owusu-Asiedu et al. (2003) have shown that egg
yolk antibody from hens immunized with E. coli K88
antigen was effective in pigs challenged with the K38
strain. SDPP also provided passive control of the E.
coli infection.

Providing antibodies with this type of approach
may be necessary if a true replacement for SDPP is
to be found. It may be possible, utilizing some of
today’s molecular biological techniques, to engineer
animals (milk, eggs) or microorganisms to produce -
the immupocompetence factors currently supplied by
SDAP.
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Summary

Rearing pigs in the same facility from weaning to market has gained popularity with pig producers
across the globe in the last decade, and is commonly referred to as “wean-to-finish” production. Producers
“continue to adopt this system of management largely because it provides increased flexibility to animal flows
with the potential to stabilize animal health status, as well as increase the ease of managing routine feed-
ing and watering practices. A number of facility design and animal management factors may influence the
growth performance achieved by pigs reared in a wean-to-finish system. Specifically, feeding and manage-
ment strategies employed during the early growth period immediately post-weaning may have a significant
impact on rate of growth and morbidity of pigs reared in a wean-to-finish system. The focus of this paper
is to review recent research evaluating the impact of different strategies of rearing and management during
early stages of development on overall growth performance of pigs from weaning to market in wean-to-finish

production systems.

Introduction

Over the last decade, a single building designed
to accommodate pigs from weaning to market in the
same facility has been developed to replace more tra-

ditional multiple-stage housing systems. This “wean-

to-finish™ system has been introduced to pig manag-
ers largely because of the reduction in movement of
_the pig over its lifetime, and therefore a decrease in
labor and risk of disease exposure during movement.
Perhaps most important, research evaluating the
rearing of pigs in either a traditional multiple-stage
or single-stage (i.e., wean-to-finish) housing system
found a similar level of growth performance among
production systems (Brumm et al., 2002). Therefore,
wean-to-finish production systems are increasingly
being adopted by modern pig producers with the
intention of rearing pigs with the potential for high
protein deposition in technically engineered hous-
ing facilities using complex nutritional strategies.
The typical wean-to-finish facility design is closely
associated with a standard finishing house, but has
specialized features to accommodate weanling pig-
lets. Therefore, management strategies that may be
unique to traditional production systems are largely

found during the early period post-weaning. This
paper will focus primarily on research evaluating the
impact of different strategies of rearing and manage-
ment during early stages of development on overall
growth performance of pigs from weaning to mar-
ket in a wean-to-finish production system. A more
complete understanding of the relationship between
the growth of pigs at specific stages of development
on overall growth to market as influenced by feed
resources, pig genetic potential, facility design and
management, among key economic factors is neces-

* sary for the implementation of management strategies

that maximize a given system’s profitability.

Facility Features and Operation

Wean-to-finish facilities must accommodate
growth and development of the pig across a wide
range of body weight (BW) from weaning (e.g., 5 kg)
to market (e.g., 130 kg). Key features of wean-to-fin-
ish facilities that provide successful pig growth per-
formance include; feeders that maximize early feed
intake and minimize later feed wastage, supplemental
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heating and comfort zoning, ventilation systems -
that provide for optimal air exchange and minimize
drafis, and equipment and facility layout that pro-
vides for rapid and thorough clean-up. The addition
of these features to the traditional finishing facility
not only allow for wean-to-finish pig rearing, but
result in increased expense to the construction and
operation of finishing facilities. One disadvantage of
the wean-to-finish system is the considerable under-

‘utilization of floor space during the early growth pe-

riod if pigs are penned in groups that are appropriate
for finishing pigs. Therefore, a key to maximizing
the output of the facility is determining an appropri-
ate stocking rate (i.e., total number of animals/ unit of
facility resource).

Over-Siocking During the Early Growth Period

The practice of placing more pigs into pens im-
mediately at weaning (i.e., overstocking), with some
of the pigs subsequently being moved to another
finishing accommodation, is often used in order to
increase output from a wean-to-finish facility. A sum-
mary of results on the impact of double stocking dur-
ing the early period in wean-to-finish is presented in
Table 1. The rate of mortality and morbidity did not
statistically differ among stocking-rate treatments in
the studies reviewed, however in practice, mortality -
rate during the early growth period appears to slightly
increase (~0.5%) when doubling the initial stocking
rate which may, in part, be explained by differences
among the health status between pigs under research
and commercial conditions. Among the reported
studies, the environment experienced by the pigs
differed in a number of important respects, including
group size and floor and feeder space. In practice,
each specific factor for a wean-to-finish facility such
as ventilation rate, and feeder-and floor-space alloca-
tion and its relationship to pig growth performance
should be considered to determine optimum duration
of overstocking. In general, research results suggest
the practice of overstocking for an initial eight to ten
week period post-weaning reduces early growth, but
has the potential to increase output from a wean-to-

finish facility,

Access to Nutritional Resources

The amount of feeder and water drinker resourc-
es needed to support animal growth performance
should be given consideration in designing wean-
to-finish accommodation, and in determining its

optimum management strategy. Competition among
animals arises when a limitation, either in quan-

tity, spatial distribution, or preference availability,

of 2 nutritional resource (i.e., feed or water) exists.
European researchers have shown an increase in the
amount of feeder-related aggression and a reduction
in growth rate when growing pigs are provided 2 lim-
ited feeder-space allocation (Spoolder et al., 1999).
Similarly, Wolter et al. (2002b) determined that
doubling the number of pigs per pen for eight weeks
post-weaning in a wean-to-finish facility required ad-
ditional feeder-trough space to maintain performance.
In that study, the authors found that pigs provided
2 compared to 4 cm of feeder-trough space (Jumbo
Wean-to-Finish Feeder, Farmweld, Teutopolis, IL)
per animal had similar performance for the first §
weeks post-weaning, however, pigs allocated to the
reduced trough space had a 5% reduction in growth
rate for the subsequent period between 6 and 8 weeks
post-weaning. Results of 2 recent study conducted
in our system using a tube-type combination wet/dry
feeder (Aqua Tube Wean-to-Finish Feeder, Swine
Service Specialist, Lyons, NE) are presented in Table
2. Results suggest providing over-stocked pigs
supplemental feeder-trough space (5 vs. 3 cm/pig [4
vs. 2 tube spaces]) tends to increase growth rate dur-
ing the four-week period immediately post-weaning.
To that end, pigs that are over-stocked immediately
post-weaning in wean-to-finish accommodation de-
signed for achieving optimal performance during the
finishing period may require additionat feeder-trough
space to maximize growth performance.

Grouping Pigs Upon Placement

The increase in size of operations and changes
in design of facilities has created opportunities to put
together large groups of pigs of uniform age and/or

- size. Consequently, the use of large group sizes of

100 or more pigs per group are of commercial inter-
est to producers as one approach to lower bousing
cost and maximize facility use. Several studies have
shown a negative impact of large group size (e.g.,

20 vs. 100 pigs/pen) on growth rate of pigs during
the nursery period (Wolter and Ellis, 2002). Simi-
larly, pigs in a wean-to-finish facility kept in groups
of 50 and 100 -comipared to 25 were found to have
poorer growth performance during the initial eight
weeks post-weaning, however, overall, for the period
from weaning to slaughter, pigs had similar levels of ~
performance for all three group sizes (Wolter et al.,
2001). To that end, group size may, in part, explain



the reduction in growth rate experienced by pigs that
are overstocked in the initial period after weaning

in a wean-to-finish facility. It is also important to
note, many caretakers feel that it is more difficult to
identify unthrifty pigs as group size increases and this
could lead to predisposing larger groups to higher
levels of mortality and morbidity, Ultimately, the
decision on the most appropriate.group size to use in
a particular wean-to-finish situation should be made
on the basis of production costs and ease of manage-
ment.

Managing the variation in pig body weights with-
'in 2 pen or house at market is of significant practical
relevance to pig unit managers in their attempt to
optimize facility utilization and maximize individual
animal value. The marketing strategy desired should
be considered at the time of weaning to account for
sources of body weight variation (i.e., gender, wean-
ing weight, or health status) when placing pigs into
pens in order to optimize facility utilization during
the finishing period as pigs will likely not be moved
or sorted again prior to market. The strategy for mar-
keting pigs from a wean-to-finish unit will be largely
" dependent on the individual production system,
however, many producers remove portions of pigs
from pens over an extended period of time during the
finishing period to target a fixed market weight. In
theory, placing pigs in pens to achieve a random body
weight distribution within a pen at weaning will al-
low for removing an equal number of pigs from each
_pen during the marketing period and, therefore, may
. optimize overall facility utilization. In support of
this strategy, Wolter et al. (2002b) found that sorting
pigs into pens so as to minimize variation in body
weight within each pen has little impact on either
subsequent growth rate or variation in body weight at
market. However, the opportunity to sort heavier and
lighter pigs by house when moving portions of over-
stocked pigs to different finishing accommodation
after the nursery period can decrease the total time
required to empty each bouse when targeting a fixed
market weight. Nevertheless, under conventional
stocking rates the practice of sorting pigs into pens
in an attempt fo minimize variation within each pen
does not appear to impact growth rate and, therefore,
holds little potential to increase total throughput of a
production system.

Feeding Mana'gement

At weaning, piglets must adapt to considerable
changes in their environmental, immunological, and
nutritional status associated with the rapid shifi away
from resources provided by the sow to those provided
by human caretakers. Research has demonstrated
the abrupt changes often seen by the piglet at wean- -
ing can have a significant impact on their growth
performance dependant on caretaker management of
the weaning process (McCraken et al., 1995; Wolter
and Ellis, 2001). Piglet management strategies aimed
at increasing feed intake can result in improved
growth performance of newly weaned pigs and may
reduce animal losses (Corrigan, 2002; Haag et. al.,
2004). The provision of a clean, sanitized, warm,
dry, and draft free envirorment should be a compo-
nent considered by any wanagement strategy aimed
at enhancing feed intake and promoting high health
of the pig at weaning (Scheepens, 1991}. In addition,
facility design and feeding equipment must provide
a simple means to implement feeding strategies that
enhance piglet feed intake in an effort to assist the

~ animal in maintaining growth rate during the transi-

tion at weaning.

Feed Form and Placement

Prior to weaning, piglets, as grouped with litter-
mates, consurne primarily a liquid-milk diet in small,
frequent feeding bouts. Therefore, it may be advan-
tageous for pig unit managers to attempt to facilitate
these behaviors by frequently feeding small quanti-
ties of the weanling diet four to six times per day
to stimulate feed intake during the weaning process
(Corrigan, 2002). Placement of supplemental feed, in -
addition to that provided in an ad-libitum feeder, onto
a floor mat or into a feeder trough has been dem-
onstrated to increase piglet growth rate during the
period immediately post-weaning in a wean-to-finish
facility (Corrigan, 2002). However, studies evaluat-
ing the placement of feed on floor mats to encourage
feed intake during the period immediately post-wean-
ing have produced inconsistent results on pig perfor-
mance (Mavromichalis et al., 2000; Augspurger et al,,
2002). To that end, inconsistencies among the studies
in effects of floor feeding may have been associated
with differences in the form of diet fed, age of pigs at
weaning, and body weight range of pigs evaluated in
each study (Corrigan, 2002). In commercial practice,
floor mat feeding appears to reduce the morbidity as
defined by pigs appearing ill, diseased, or unthrifty,
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characterized by loss of body weight (Corrigan,
2002). In support, a recent study conducted in our
system found supplemental feeding strategies, either
floor feeding or use of an automated gruet feeder
where found o reduce the number of antibiotic treat-

' ments given to pigs by one-half compared to only the

provision of an ad-libitum feeder during the initial
period post-weaning (B. Peterson, Personal Com-
munication). In general, a floor feeding protocol for
weanling piglets should involve a solid floor area
large enough to allow all pigs within a pen access to

- feed, and consider a volume of feed at each feeding

that allows all pigs access but minimizes feed wast-
age. While the impact of floor feeding the diet in
either a gruel or dry form on pig growth performance
appears inconsistent, in practice, the routine observa-
tions of piglets as a result of multiple-time per day
floor feeding can provide for more timely response to
unexpected alterations in the wean-to-finish facility,

Diet Complexity

Research has demonstrated that feeding com-
soybean meal-based diets that minimize the inclu-
sion of milk, processed cereals, animal protein-based

~ ingredients (i.e., simple compared to complex diets)

can restrict growth rate during the early growth
period (Whang et al., 2000). The restricted growth
rate observed in pigs fed simple diets results from
both lower feed intake and lower feed efficiency
{Wolter et al., 2002¢). The increase in feed intake
associated with increased diet complexity is most
pronounced in the immediate post-weaning period

{Dntz et al,, 1996). Of practical relevance, results

from research carried out in our production system
demonstrate the rate of piglet morbidity can increase
with decreases in diet complexity during the early
growth period (Table 3). Consequently, in practice,
feeding pigs simple diets immediately post-weaning
may result i an increased use of therapeutic antibiot-
ics as pigs exhibit signs of decreased feed intake and
lethargy (Haag et al., 2004). Therefore, the selection
of ingredients for use in piglet diets is important to
maximizing the early growth potential and reducing
the threat of health challenges or digestive disorders
after weaning. However, increases in diet complex-
ity of the dietary program frequently increase costs.
Because the ingredients used to manufacture complex

. diets are relatively expensive, their effect on piglet

performance both in the post-weaning and subse-
quent growth phases should be considered to opti--
mize profitability.

A phase feeding strategy should be employed
in order to gradually transition the pig’s digestive
system from a diet that is high fat, high lactose, and
containing simple-animal proteins near weaning to
a diet containing low fat, low lactose, and complex-
plant protein. The primary objectives of the initial
diet are to match dietary ingredients with the diges-
tive capability of the pigs while enhancing intake of a

‘dry form of diet. Simple diets can be used relatively

quickly after the pig bas begun eating a substan-

tive volume of feed, and this strategy will atlow for
rapidly lowering diet cost while maintaining optimal’
growth performance. '

- Variation in Growth Rate During Early

Stages and Overall Growth Performance

Throughout this discussion it is demonstrated
that animal management factors can have a major
impact on the growth and development of pigs in
the early stages post-weaning. However, the effect
of varied early growth and development on subse-
quent growth performance can be influenced by the
stage of growth, physiological state, and genotype
of the animal at the start of the period when growth
is varied and the severity by which growth change,
duration of altered growth, and nutrient composition
and level of food intake during and after the period
of varied growth (Wolter, 2002). To that end, Wolter
{2002) in 2 series of studies conducted within wean- -
to-finish systems found that pigs that experience
decreased early growth rate had increased growth and .
feed efficiency when provided adequate nutritional
and special resources in the subsequent grow-finish
period. Therefore, producers may be able to exploit -
the potential to reduce production costs by using
strategies that manipulate the growth curve of the
animal within a range of nutritional and environmen-
tal approaches. The effect of varied growth rate due
to management of pigs in commercial practice on
overall growth performance from weaning to market
n conjunction with carcass composition should be
used in place of independent growth periods after
weaning to defining optimum management strategies
fer wean-to-finish facilities.



Beferences

Augspurger, N. R., T. M. Parr, and D. H. Baker.
2002. The effect of floor feeding on post-weaning
piglet weight gain. J. Anim. Sci. 80: (Suppl. 2): 135
{Abstr).

~ Brumm, M.C., A. K. Baysinge, R. W. Wills, and
R. C. Thaler. 2002. Effect of wean-to-finish man-
agement on pig performance. I, Anim. Sci. 80:309-
315.

Corrigan, B. P.- 2002. The effects of feeding
management on growth performance and survivabil-
ity of newly weaned pigs. M. S Thesis. University
of lllinois. USA.

DeDecker, 1. M. 2002. Effects of space allow-
ance in 2 wean-to-finish system and pig removal
strategies at market on the growth performance and
variation in performance of pigs. M. S. Thesis. Uni-
versity of IHlinois. USA.

Dritz, S. 5., K. Q. Owen, J. L. Nelssen, R. D.
Goodband, and M. D. Tokach. 1996. Influence of
weaning age and nursery diet complexity on growth
performance and carcass characteristics and composi-
tion of high-health status pigs from weaning to 109
kilograms. J. Anim. Sci. 74:2975-2984.

Haag, A., B. Payne, J. F. Lowe, B. F. Wolter,
aod D. M. Webel. 2004. Impact of diet complex-
ity on growth performance and morbidity of pigs
after weaning. Proc. Am. Assoc. Swine Vet. Annual
Meeting, 2004, pp 53-57.

Mavromichalis, I, J. E. Stoerger, and D. H. Bak-
er. 2000. Floor feeding enbances early appetite of
weaned pigs. J. Anim. Sci. 78 (Suppl. 1):31 (Abstr.).

McCracken, B. A., H. R. Gaskins, P. R. J. Ruwe-
Kaiser, K. C. Klasing, and D. E. Jewell. 1995. Diet-
‘dependent and Diet-independent metabolic responses
underlie growth stasis of pigs at weaning. J. Nutr.
125:2838-2845.

Scheepens, C. J. M. 1991. Effects of draught as
climatic stressor on the health status of weaned pigs.
Ph, D. Thesis. University of Utrecht. The Nether-
lands.

Spoolder, H. A. M., S. A. Edwards, and S. Comn-
ing. 1999. Effects of group size and feeder space
allowance on welfare in finishing pigs. Anim. Sci.
69:481-489.

Whang, K. Y., F. K. McKeith, S. W. Kim, and R.
A. Easter. 2000. Effect of starter feeding program on
growth performance and gains of body components
from weaning to market weight in swine. J. Anim.
Sci. 78:2885-2895.

Wolter, B. F. 2002. Effects of variation in early
" growth rate of pigs on subsequent growth perfor-
mance. Ph. D. Thesis. University of Hlinois. USA.

Wolter, B. F. and M. Ellis. 2001. The effects of
weaning weight and rate of growth immediately after
weaning on subsequent pig growth performance and

carcass characteristics. Can. J. Anim. Sci. 81:363-
369.

Wolter, B. F,, and M. Ellis. 2002. Ympact of
large group sizes on growth performance in pigs in
the USA. Pig News and Info. 23:17N-20N.

Wolter, B. F., M. Ellis, J. M. DeDecker, S. E.
Curtis, G. R. Hollis, R. D. Shanks, E. N. Parr, and D.
M. Webel. 2002a. Effects of double stocking and
weighing frequency on pig performance in wean-to-
finish production systems. J Anim. Sci.. 80:1442-
1450.

Wolter, B. F., M. Ellis, S. E. Curtis, N. R. Augs-
purger, D. N. Hamilton, E. N. Parr, and D. M. Webel,
2001. Effect of group size on pig performance in
a wean-to-finish production system. J. Anim. Sci.
79:1067-1073.

Wolter, B. F., M. Ellis, S. E. Curtis, E. N. Parr,
and D. M. Webel. 2002b. Effects of feeder-trough
space and variation in body weight within a pen of
pigs on performance in a wean-to-finish production
system. J. Anim. Sci. 80:2241-2246.

Wolter, B. F.,, M. Ellis, S. E. Curtis, E. N. Parr,
and D. M., Webel. 2002¢. Impact of early postwean-
ing growth rate as affected by diet complexity and
space allocation on subsequent growth performance
of pigs in a wean-to-finish production system. J.
Anim, Sci. 81:353-359.

45



) 4

Table 1. Summary of data on the effect of stocking rate on pig growth performance during the initial period after weaning in wean-to-

finish facilities.

Stocking  Body weightrange, kg  Group size,

Feeder-trough  Floor space,

Response to double stocking
(percentage unit difference)

rate no. pigs space, c/pig m?/pig ADG - ADFI G:F
Wolter, Unpublished data

Single 4510323 32 5.8 0.640° | | :

Double 4.5 t0 30.3 64 2.9 0.320 -1.3 - -
DeDecker, 2002 ' '

Single 4.81045.0 27 5.6 0.640

Double 48to41.7 54 2.8 0.320 -79 - -
Wolter et al., 2002a

Single 5.8t042.6 52 4.0 0.650

Double 5910 39.7 104 2.0 0.325 - 7.7 -7.0 - t18
Brumm et al., 2002 |

Single 5.1 to 28.7 15 48 0.690

30 24 0.350 -7.1 -7.0 0.0

Double 51to 26.9
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Table 2. Effects of initial stocking rate and feeder space on pig growth performance in a wean-to-finish facility.

Initial stocking rate® : Single Double

Feeder-trough space® Contfol _ Supplerhental Control Supplemental SEM

Pigs, no. 160 160 320 320

Weight, kg |
Weaning 4.5 4.5 4.5 4.5 - 0.02
Week 4° | 14.2¢ 14.2°¢ 13.7f 14.1° 0.14
Week 6° 21.2° 20.1°¢ 19.8F 20.7° 0.25
Week 8° | 32.3° - 324° 30.3% - 3141 0.32

Average daily gain, g
Weaning through week 4° 338° 335°¢ It 332° 5.0
Week 5 through week 6° 535 531 472 503 14.1
Week 7 through week 8¢ - 726 735 685 708 18.1
Weanin'g through week 8° 490° 490° 4548 - 42t 59

. Imt1al stocking rate = Single (32 pigs/pen) and Double (64 plgsfpen)

Feeder-trough space = Contro] (183 cm; 2 tubes available) and Supplemental (305 cm; 4 tubes available).
¢ In1t1a1 stocking rate and feeder-trough space interaction response (P < 0.10). :

Imnal stocking rate response (P < 0.10).
%¢ Within a row means without a common superscript letter differ (P <0. 10)



Table 3. Effect of diet complexity on pig growth performance, morbidity rate, and incidence of therapeutic
treatment during an initial peried post-weaning in a commercial wean-to -finish system.”

Dietary treatment ” :
. Complex Simple SEM P-Value
Feeders, no.* 8 4 - _
Body weight, kg
Weaning 4.4 4.4 002 . 0.67
Day. 5 past-weaning 50 438 . 0.06 013
Day 12 post-weaning- _ 6.7 ' 63 0.07 0.01
‘Day 21 post-weaning 9.3 8.8 0.23 0.30
Growth performance
Weaning through day 5
ADG, g _ 113 20 10.6 0.11
ADFL, g 162 140 : 11.1 0.36
Gain:feed, g:g 0.73 o 0.58 0.056 0.16
Day 5 through day 12
ADG,g o259 232 16.1 0.17
ADFL g 323 259 17.2 0.06
Gain:feed, g:g 0.81 0.82 ' 0.025 0.88
Weaning through day 12 _ -
ADG. g 158 155 7.2 0.01
ADFl, g 253 209 ' 12.6 0.07
Gain:feed, g:g 0.79 0.75 0.014 0.15
Day 12 through day 21 ' '
ADG, g 282 281 19.0 0.98
ADFL g 460 413 12.3 0.06
Gain:feed, g:g . 0.61 "0.68 0.037 0.37
Weaning through day 21
ADG, g 232 208 12.2 0.29
ADFL g 342 295 114 0.04
Gain:feed, g:g - 0.69 0.71 0.020 0.70
Removal rate, %°
Weaning through day 21 09 3.1 0.09 0.03
Treatment, % .
Weaning through day 21 12.3 18.8 2.65 0.02

* Adapted from Haag et al., 2004.

® Dietary treatment = Complex (Milk product, raw and cooked cereal, and animal-protein based ingredients with
minimal soybean meal) and Simple (Com—soybean meal base with minimatl levels of milk product and animal-
protein based ingredients).

© Two pens of 28 pigs shared access to an in fence-line feeder.

4 Pigs removed were characterized by the appearance of serious iliness, dlsease or unthrifty, and exhibiting a loss of
body weight.
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Summary

Since the pioneering parabiosis studies of 40 years ago prmrlded the early indications that a circulating
factor, produced in proportion to body fat mass, regulated feed intake and body fat reserves, the adipocyte
has emerged as a pivotal regulator of energy balance. This cell is now a recognized eridocrine cell, and two
adipocyte-derived hormones, leptin and adiponectin, have been identified as key determinants of feed intake
and energy expenditure. Leptin is produced by the adipocyte, but acts centrally and peripherally to regulate
appetite and energy expenditure and coordinate whole body energy metabolism. Leptin acts as an energy
balance and nutrient sensor, and its expression and function are regulated by endocrine and dietary factors.
Leptin also regulates lipid metabolism, including lipogenesis, lipolysis, and fatty acid oxidation in multlple
peripheral tissues.

Adiponectin is a relatively new “adipocytokine” that circulates in the blood as the mature protein, and as
an apparent carboxyl-terminal cleavage peptide. Both adiponectin and the cleavage peptide regulate energy
metabolisin in skeletal muscle and liver, albeit with different potencies. Specifically, adiponectin causes
weight loss, up regulates fatty acid transporters, stimulates fatty acid oxidation in skeletal muscle, and en-
hances the suppression of glucose production by insulin in the liver. However, a very intriguing and distinct
feature of adiponectin is its direct connection to the immune system. This hormone acts directly on macro-.

- phages and adipocytes to suppress the production of certain cytokines, which are also potent regulators.of
energy metabolism in peripheral tissues. Thus, through adiponectin, the adipocyte acts as a bridge between
energy balance and immune system, and the implications of this linkage extend not only to the regulation of
energy metabolism under homeostatic circumstances, but also during periods of acute or chronic inflamma-
tion in which energy partitioning and must be effectively controlled. In light of the fact that chronic stress and
immune stimulation causes an appreciable suppression of growth and efficiency in pigs reared commercially,
this particular role of the adipocyte is receiving much attention.

Collectively, the adipocyte derived hormones are offerinig tremendous new insights into the endocrine
regulation of energy balance, and therein, new targets for nutritional and genetic intervention strategies are
emerging. Ultimately, these new technologies and strategies will enable pork producer to capture more value
from the energy they feed, and the greater profitability will ensure industry viability.

llﬂl’ﬂduﬂtlﬂﬂ and in peripheral tissues (Sethi and Hotamisligil,
Improving growth rate, efficiency of gain, and 1999). The complexity with which energy balance is
product quality are primary research objectives for regulated is now readily apparent, and is underscored
-food animal scientists. To this end, it is quite excit- by the recent discoveries pertaining to the integra-
g that the adipocyte is emerging rapidly as a sig- tion of immune function with adipocyte biology and

nificant regulatory cell that produces hormones and the regulation of energy metabolism. The Toll-like

cytokines which influence energy metabolism locally  receptors (FLR) are pathogen recognition receptors 49
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that ultimately stimulate the transcription of genes
involved in the coordination of the inflammatory
process. For example, TER-2 recognizes protozoan
substrates, TLR-4 recognizes bacterial motifs, and
TLR-9 recognizes bacterial DNA. The adipocyte
expresses the bona fide membrane receptors for
gram-negative and gram-positive organisms
(TLR-4 and TLR-2, respectively). and responds
fo direct stimulation by producing proteins that
augmenti or attenuate specific immunological
processes and energy metabolism (Lin et al., 2000;
Ajuwon et al., 2004). Apart from direct participation
in the acute phase response to infection, the adipo-
cyte produces a number of proteins that regulate me-
tabolism and immune response pathways. Leptin and
adiponectin are two such proteins. These hormones
have overlapping and distinct biological functions
that encompass energy balance and immune fune-
tion. - In this paper, we will highlight the new findings
regarding the adipocyte and the regulation of energy
balance, and make particular applications to the ef-
ficiency of growth in commercial pork production
endeavors.

Leptin
Leptin as a Nutrient Sensor. Leptin is produced
largely in the adipose tissue (Zhang et al., 1994;
Bidwell et al., 1997) and secreted into the blood.
Apart from the central actions of leptin, there are
compelling indications of direct effects on periph-

“eral tissues. Leptin receptors have been identified

in adipose tissue (Lollman et al., 1997; Lin et al.,
2000), and regulation of this receptor may augment
or attenuate the local actions of leptin. Intense study
is underway to determine the mechanism(s) by which
leptin “senses” energy balance. Linked to energy
sensing is the notion that leptin serves as a nutrient
sensor, specifically sensing nutrient flux in adipocytes
and other cells. One way this could be accomplished
is via changes in circulating insulin concentrations.
Insulin levels in blood change rapidly in response

to feeding and insulin has been shown to regulate
leptin gene expression in many species (see reviews,
Houseknecht and Portocarrero, 1998; Ahima & Flier
2000),

The regulation of leptin expression by changes in
nutrient flux appears to involve more than changes in
insulin concentrations, however. Work from several
laboratories has implicated the hexosamine biosyn-
thetic pathway in leptin’s role as cellular nutrient sen-

sor. Marshall et al. (1991) proposed that cellular hex-
osamine biosynthesis is an important mechanism by
which cellular glucose flux in cells is sensed. UDP-
N-acetylglucosamine, the end product of hexosamine
biosynthesis, is used in O-linked glycosylation reac-
tions; important regulatory steps in gene transcrip-
tion. Specifically, the activity of some transcription
factors is modified by O-linked glycosylation. Leptin
expression in adipose tissue of humans (Considine

et al. 2000) and rodents (Wang et al. 1998; Wang et
al., 1999b; McClain et al., 2000; Obici et al. 2002b)
is regulated by the hexosamine biosynthetic pathway,
consistent with the observation that leptin expression
in adipocytes in vitre is more sensitive to glucose
concentrations than insulin (Mueller et al. 1998). It
seems that the mechanisms by which hexosamine
biosynthesis regulate leptin production involve the
regulation of activity of transcription factors. In ex-
periments using 3T3-L1 adipocytes transfected with
a leptin gene promoter-luciferase reporter construct,
Zhang et al. (2002) found that leptin production in
3T3-L1 adipocytes is stimulated by the metabolism
of glucose to hexosamines via transcriptiopal mecha-
nisms in the proximal promoter of the leptin gene.

Leptin: Energy Balance Sensor. The ability of
exogenous leptin to regulate appetite and energy ex-
penditure in rodents with subsequent loss of adipose
tissue but not lean body mass has led to the notion -
that leptin is an anti-obesity hormone (see reviews:
Friedman and Halaas, 1998; Houscknecht and Por-
tocarrero 1998). Obesity, despite high circulating
leptin concentrations in rodents and humans, has led
to the notion of leptin resistance (discussed in detail,
below). It has been proposed that obesity in the face
of leptin resistance reflects the evolutionary advan-
tage of being able to store excess energy as lipid
during times of nutritional plenty (Flier 1998). This
has led to the notion that leptin’s primary physiologi-
cal role is in sensing negative energy balance and
coordinating physiological signals leading to whole-
body adaptation to fasting (Flier, 1998; Ahima and
Flier 2000). Studies from several groups (Ahima et
al. 1996; Legradi et al 1997; Yu et al. 1997; Finn et
al. 1998; Lord et al. 1998; Nagatani et al. 1998) have
shown that indeed, prevention of the fasting-induced
fall in leptin concentrations by the administration of
exogenous leptin treatment during fasting is able to
at least partially overcome the metabolic, endocrine,
reproductive and immune system adaptations to
starvation.

Nutritional Regulation of Leptin. As leptin has
been implicated as a major sensor of energy and



nutrient balance it is not surprising that the leptin axis
1s regulated by nutrittonal status, The vast major-

ity of published manuscripts examining the impact

of nutrition on leptin expression and activity have
focused on caloric intake, namely comparison of ad

libitum feeding of highly palatable, and often high fat -

diets vs. low-fat diets. Additionally, a large body of
literature has compared effects of ad libitum feed-
ing to food deprivation (acute or chronic fasting) on
leptin expression. Data in species from rodents to
livestock to humans have shown that chronic over-
consumption of calories leads to increased leptin
gene expression coincident with increasing adiposity
(see reviews: Houseknecht and Portocarrero, 1998;
Ahima & Flier 2000; Barb et al. 2001). Likewise,

" many laboratories have shown that fasting results in
significant down-regulation of leptin expression in
many species. Indeed, food deprivation has a more
profound and immediate impact on leptin expression
compared to chronic overfeeding. Although rela-
tively few in number, studies examining the role of
spectfic nutrients on leptin gene expression and activ-
ity are béginning to appear in the published literature,
Those studies will be the focus of this review.

Leptin Regulates Lipogenesis and Lipolysis in
Preadipocytes and Adipocytes. A schematic model
of leptin action in the adipocyte is shown in Figure 1.
In rodent models, leptin acts directly to suppress the
inhibition of B-adrenoceptor-mediated lipolysis by
" insulin, and simultaneously reduces insulin-induced
glucose transport and lipogenesis (Miiller et al., 1997),
and similar effects have been reported in porcine
adipocytes derived from stromal-vascular cultures
(Ramsay, 2001). However, leptin also acts directly
to stimulate lipolysis in adipocytes in the absence of
insulin (Frithbeck et al., 1997, 1998; Ajuwon et al,,
2003). Mechanistically, several things must be con-
sidered. Hormone sensitive lipase (HSL) is activated
by protein kinase A as a result of the production of
cAMP by adenylate cyclase, and is the major media-
tor of lipolysis within the adipocyte (see Ramsay,
1996). Although the effect of leptin on the expres-
sion of HSL in adipose tissue has been addressed
in two rodent studies, one in which expression was
increased (Sarmiento et al., 1997), and one in which
it was not (Scarpace et al., 1998), the regulation of
the adenylate cyclase-cAMP system has not been
- studied. Leptin expression itself is down regulated
by cAMP (Slieker et al., 1996), and in the study of
‘Wang et al. (1999a), leptin stimulated lipolysis and
also decreased leptin expression. If norepinephrine,
a potent inducer of cAMP production, had reduced

leptin expression, one might conclude that leptin acts
solely through the production of cAMP to activate
lipolysis. However, this was not the case. Recent
work published by Friihbeck et al. (2001) indicates that
leptin antagonizes the tonic inhibition of lipolysis by
adenosine. Leptin is 2 member of the Class-1 family
of helical cytokines (Madej et al., 1995), as is growth
hormone. It is thus interesting that growth hormone,
with similarities to leptin in receptor signaling (Tar-
taglia et al., 1995), alters the functionality of the G,
(1., diminished ADP-ribosylation by pertussis toxin)
in adipose tissue (Houseknecht and Bauman, 1997).

In this study, the diminished functionality of G, was-
associated with an enhancement of lipolysis by growth
hormone. Although similar results were not obtained
in ovine adipocytes, growth hormone nonetheless
antagonized the anti-lipolytic action of an adenosine
analog, an effect likely stemming from a stifled inter-
action between the G, o subunit and adenylate cyclase
(Doris et al., 1998).

Leplin. Causes Fatty Acid Oxidation, Adipose
Ablation, and Apoptosis in Adipose Tissue. Early
work with models in which hyperleptinemia was
induced (Chen et al., 1996; Shimabukuro et al., 1997)
mdicated that specific adipose depots were virtually
obliterated. Furthermore, the recovery of body fat in
hyperleptinemic rats was much slower than in diet-
matched controls (Higa et al., 2000). The implica-
tions of these results were that there was a sustained
impact of hyperleptinemia on the ability of adipo-

cytes to accumulate and store lipid. A portion of this

response is possibly related to an induction of apop-
tosis and loss of adipocytes caused by elevated leptin
concentrations within the brain (Qian et al., 1998b),
if the higher circulating concentrations also achieve

higher concentrations within the CNS. However, the

majority of the response is likely due to an induction
of fatty acid release, and concomitant up regulation
of genes that regulate fatty acid oxidation {i.c., acyl

CoA oxidase and camitine palmitoyl transferase) that

is driven by increased PPARa expression (Wang et
al.,, 1999). In fact, an upregulation of PPAR« has
recently been shown to be a prerequisite for depletion
of body fat by leptin. Using wild type and PPARa*
mice, Lee et al. (2002) determined that the depletion
of body fat in the null mice during hyperleptinemia is
markedly lower than in wild-type mice. This effect
was associated in part with the failure of hyperlepti-
nemia to achieve an upregulation of camitine palmi-
toy! transferase in adipose tissue due to the absence
of PPARa.
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The physiologic changes associated with hy-

- perleptinemia shift the metabolic goal of adipocytes

from lipid storage to lipid disposal. Also of consider-
able significance is that leptin ultimately results in a
dedifferentiation of adipocytes (Zhou et al., 1999),
as indicated by the loss of adipocyte marker (aP2)
and concomitant appearance of the preadipocyte
marker, Pref-1. Collectively, these findings indicate
that leptin may be used to reduce adipose mass, but
it is important to pote that these exireme results are
achieved only with pharmacological circulating con-
centrations of leptin (Higa et al., 2000), and are not
indefinite.

Although the most pronounced effects of leptin
on body fat are achieved with pharmacological blood
levels, significant shifts in metabolism have been
noted under less extreme conditions. Specifically,
Chen and Heiman (2000; 2001) have shown in rodent
models that daily peripheral injections of leptin
caused a sustained stimulation of lipid utilization that
was reflected in reduced plasma NEFA and triglycer-
ide concentrations, and in lower respiratory quotients
relative to controls. Furthermore, Reidy and Weber
{2002) determined in rabbits that a single i.v. leptin
bolus stimulated lipolysis (increased serum NEFA
concentrations) and enhanced triglyceride-fatty acid
cycling as a means of energy expenditure.

The mechanism for this critical role of leptin is
such that there is a coordinated shift in metabolism
from storage to oxidation of fatty acids. Generally,
this transition from storage to oxidation involves an
enhancement of systems that transport and oxidize
fatty acids, and a repression of lipogenic systems
similar to what is seen in adipocytes. However, the
principal mechanism differs by tissue, and seems
to reflect whether preexisting oxidative machinery
within a given cell type is capable of handling the
increased oxidation of lipid brought about by leptin
(Lee et al., 2001).

Skeletal muscle constitutes the major proportion
of whole body mass, and is an important determinant
of metabolic rate and energy metabolism (Zurlo et
al., 1990). There is an intriguing relationship between
leptin and lipid metabolism emerging in skeletal

-muscle that is, overall, quite consistent with the

concept that this hormone regulates lipid storage in
non-adipocytes and also stimulates skeletal muscle
thermogenesis. Early work indicated that leptin acts
on skeletal muscle to attenuate the pro-lipogenic ac-
tions of insulin (Muoio et al., 1997), and to stimulate
fatty acid oxidation while diminishing triglyceride

accumulation (Muoio et al., 1997, 1999; Steinberg
etal, 2002a). Subsequent work has established that
with chronic administration of leptin (two weeks),
there is a sustained enhancement of fatty acid oxida-
tion and triglyceride hydrolysis in rat muscle that is
apparent in both the resting and contracting states
(Steinberg et al., 2002b). Additional work from this
group (Steinberg et al., 2002¢) now indicates that
chronic leptin administration also diminishes fatty
acid transport capacity by reducing the abundance of
both the fatty acid translocase and fatty acid bind-
Ing protein in plasma membrare fractions of red and -

‘white muscles. The activity of the 5°-AMP-activated

protein kinase (AMPK)) seems to be a critical com-
ponent by which leptin stimulates fatty acid oxida-
tion in skeletal muscle. Recent work (Minokoshi

et al., 2002) has established quite clearly that leptin
activates this kinase in skeletal muscle, which moni-
tors intracellular fuel status, and promotes fatty acid
oxidation by inhibiting lipogenic activity at the level
of acetyl-CoA-carboxylase. Although the long-term
regulation of this enzyme by leptin may be mediated
through a central mechanism, the acute regulation

is a direct effect on the skeletal muscle. It is also of
interest that this particular mechanism for leptin may
be specific to skeletal muscle. ‘Others (Atkinson et
al., 2002) determined that whereas leptin also stimu-
lates fatty acid oxidation in cardiac muscle, the effect
1s achieved independent of activation of the AMPK.

Adiponectin
Discovery of adiponectin and its biological

implications. Adiponectin, also known as Acrp30,
AdipoQ, Apml, and GBP-28, is an adipocyte-de-
rived hormone that was discovered by several groups -
across multiple species almost simultaneousty
{Maeda et al., 1996; Scherer et al., 1996; Hu et al,,
1996; Nakano et al., 1996). Adipocytes, and pre-

- adipocytes to a lesser extent, are typically the only

source of adiponectin (Scherer et al.,, 1995). The
expression of this protein is up-regulated by feed de-
privation (Berg et. al. 2001) and cold exposure (Yoda
et al., 2001), and is down-regulated in conditions of
obesity (Arita et al., 1999). Adiponectin circulates

in the blood largely as the mature protein. However,
Fruebis ef al. (2001) identified the carboxy] terminal
fragment, which is most likely a proteolytic cleavage
peptide derived from the mature protein, as a normal
component of human plasma. We have obtained
evidence of a similar cleavage peptide in the pig (un-



published data). Although is not yet known whether
the production of the cleavage peptide is regulated
by specific metabolic or immunologic circumstances,
both the intact protein and cleavage peptide regulate
lipid and glucose metabolism in peripheral tissues.

Metabolic activity of adiponectin. Thus far,
there is little published information regarding the
regulation of energy metabolism by adiponectin in
swine or other meat animals. We have determined
that adiponectin suppresses lipogenesis in primary
pig adipocytes, and that this occurs with physi-

_ological concentrations {Jacobi et al., 2004). Other

* investigations of the metabolic roles of adiponectin
have been focused on its relationship to obesity and
msulin sensitivity in liver and skeletal muscle. Arita
et al. (1999) determined that circulating adiponectin
concentrations are lower in obese individuals, and

~ in association with non insulin-dependent diabetes,
than in individuals with normal bedy composition
and insulin seasitivity. This finding has been of
particular interest to researchers because it is in stark
contrast with the regulation of leptin, which is mark-
edly up-regulated in conditions of obesity. Recently,
Fruebis et al. (2001) provided compelling evidence

- that adiponectin regulates lipid metabolism and body
composition. Using recombinant adiponectin and a
carboxyl terminal peptide produced by trypsin cleav-
age of the recombinant protein {gAd), these research-
ers identified three key metabolic implications for
adiponectin. First of all, the post-prandial surges

In plasma triglyceride, free fatty acid, and glucose
concentrations were blunted relative to controls when
gAd was administered to mice consuming a high-fat,
sucrose diet, or infused (i.v.) with a fat emulsion,
Secondly, it was determined that gAd stimulates

free fatty acid oxidation in skeletal muscle prepara-
tions, and in cultured C2C12 myotubes. Finally, the
authors tested the effect of gAd on the growth of

- immature mice, and on the weight change of mature
mice, all of which were fed the high-fat, sucrose diet.
In short, after an initial weight loss, weight gain was
suppressed in the young growing mice, and appre-
ciable weight loss was induced and sustained in the
‘mature mice, in response to exogenous gAd. Al-
though not determined directly, the implication is that
adiponectin {i.e., gAd) acts to suppress fat accretion,
and promote utilization, rather than storage, of body
fat in growing and mature animals. It is perhaps quite
significant that our western blot analyses indicate that
serum adiponectin concentratiens are substantially
higher in a high-lean line of pigs than in a much fat-
ter line (Jacobi et al., 2(04),

Two recent publications provide considerable

insight as to how adiponectin may be acting upon the

adipocyte to regulate lipogenesis, as our data clearly

indicate it does. Independent laboratories (Yamauchi

et al., 2002; Tomas et al., 2002) have shown convinc-
ing evidence that the linkage of adiporectin to the
control of fatty actd oxidation and triglyceride stor-

age in skeletal muscle is through the 5’-AMP-activat-

ed protein kinase (AMPK). Briefly, the adiponectin
cleavage peptide (i.e., gAd), and adiponectin itself to
a lesser extent, activates the AMPK, With such ac-

tivation, acetyl Co-A carboxylase is phosphorylated -

and thereby deactivated. Consequently, cytosolic
malonyl Co-A is depleted, its repression of carnitine
palmitoyltransferase is relieved, and fatty acid trans-
port and oxidation are thus increased. Importantly,
both isoforms of acetyl Co-A carboxylase (i.c., ACC,
and ACC,) are targets of the AMPK (Yamauchi et
al., 2002). It seems likely that adiponectin or gAd
acttvates the AMPK in the pig adipocyte, and thereby
attenuates lipogenesis and stimulates fatty acid oxida-
tion. Additional support for our hypothesis relates

to the regulation of NFkB signaling by adiponectin
in adipocytes. We have shown that adiponectin at-
tenuates the translocation of NFkB to the nucleus

of adipocytes stimulated with lipopolysaccharide
(Ajuwon and Spurlock, 2004). This is an important
observation because a chemical activator of AMPK
(AICAR), or expression of a constitutively active
AMPK (Ruderman et al., 2003), disrupts NFkB-me-
diated gene expression in some cell types. Accord-
ingly, if adiponectin activates the AMPK, a reduction
in NFkB-mediated gene expression, presumably due
to disrupted translocation to the nucleus, would be
expected and the expression of PPAR« increased.
This is particularly important as PPAR« is central to
the regulation of fatty acid metabolism in adipocytes
and skeletal muscle.

Adiponectin suppresses proinflammatory cytokine
expression in activated immunocytes and adipocytes.
Yokota et al. (2000} first reported that adiponectin
suppressed proinflammatory cytokine production in
activated human macrophages. We have recently
reported similar results for both TNFa and IL6 in
activated pig macrophages (Wulster-Radcliffe et al.,
2004) and human THP-1 monocytes (Wulster-Rad-
cliffe et al., 2004b). These findings undoubtedly re- -
flect the integration of regulatory pathways for acute
inflammation with those of energy metabolism. The
latter point is further reinforced in that our tabora-
tory has also found that adiponectin suppresses IL-6
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. expression In pig 'adipocytes stimulated with LPS

(Ajuwon and Spurleck, 2004). Additional support
for the inhibitory action of adiponectin on proinflam-
matory cytokine production sterns from an adipo-
nectin knockout model. Using this knockout model,
Maeda et al. (2002) showed that adipose expression
of TNFa. was higher in the absence of adiponectin,

- and that the increased expression coincided with

increased circulating concentrations of this cytokine.
Even more striiking was the finding that administra-
tion of adiponectin to the knockout mice abrogated
the increase in adipose expression of TNF«, and low-
ered the circulating concentration to wild type levels.
These findings, coupled with previous work showing
that TNFa reduces adiponectin expression {Ruan and
Lodish, 2003), led these researchers to propose that
adiponectin and TNFaq reciprocally regulate each oth-
er. In light of the emerging evidence that the marked
increase in TNFa (and IL6) production in adipose
tissue which accompanies obesity is in fact an inflam-
matory response (Black, 2003; Xu et al., 2003), adi-
ponectin may have a particularly important metabolic
role as a regulator of local cytokine production.

Adiponectin suppresses activation of the NFkB
transcription factor; and induces PPARx and PPARy
expression. To date, there is little information avail-

. able as to the signaling pathway used by adiponec-

tin to suppress cytokine production. Using aortic
endothelial cells as a model system, Ouchi et al.
(2000) found that adiponectin caused an accumula-
tion of cAMP and blocked TNFa signaling in these
cells by preventing the activation and translocation
of NFkB transcription factor to the nucleus. We have
documented a similar action of adiponectin in pig
macrophages (Wulster-Radcliffe et al., 2004), and in
pig adipocytes (Ajuwon and Spurlock, 2004). Be-
cause NFkB is a major regulator of TNFa and IL6
expression (Vanden Berghe et al., 1999; Wajant et
al,, 2003), these findings have led us to hypothesize
that the anti-inflammatory actions of adiponectin are .
mediated in part by inhibition of NFKB activation.
This hypothesis is also supported by the indications
that both PPAR« and PPARY are potent anti-infiam-,
matory mediators which block NFkB activity to
disrupt proinflajmmatory cytokine production (see
Vanden Berghe et al., 2003 for a detailed descrip-
tion), and by evidence that adiponectin stimulates the
expression of these transcription factors in adipocytes
{Combs et al., 2004) or other cells (Yamauchi et al.,
2001a;Yamauchi et al., 2003).

Implications for Pork Production

~ Our understanding of the central role of the
adipocyte and its hormonal products in the regula-
tion of energy metabolism is in its infancy. However,
leptin and adiponectin have particular relevance to
the energy metabolism in commercial pigs for several
reasons, some of which clearly overlap. First, there
has been a considerable effort in the past 2 decades
to reduce carcass fat in commercial swine. With the
success in this endeavor, there has emerged a con-
sensus opinion among scientists that the perpetual
exposure of animals in commercial production to
pathogenic and nonpathogenic challenges results in
a chronic stimulation of the immune system that vlti-
mately diminishes growth and efficiency (Spurlock,
1997). Thus, there is a clear need to understand the -
impact of reduced carcass fat on adipocyte number
and the regulation of adiponectin and leptin produc-
tion, and to consider these effects in light of biologi-
cal pathways regulated by these adipocyte-derived
hormones. Pigs with higher concentrations of adi-
ponectin may be less affected by the nonpathogenic
challenge, but in their environment they may also
have greater difficulty responding to more serious
pathogenic challenges. Secondly, an allelic variant or
genetic predisposition that either augments or attenu-
ates the production and activity of leptin or adiponec-
tin may result in aberrations in energy metabolism
and the immune response that compromise efficiency
or perhaps animal health. One documented missense
mutation in humans was associated with markedly
low concentrations of plasma adiponectin (Takahashi
et al., 2000}, and similar variants are possible across
swine genotypes. Finally, a clear metabolic link
between adipocytes and myofibers is indicated in that
both leptin and adiponectin regulate metabolism in
skeletal muscle. This further emphasizes the role of
the adipocyte in energy homeostasis, and opens up a
wealth of new opportunities for scientist to identify
new pathways and targets for improving growth and

‘efficiency in pigs reared commercially.
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Figure 1. Leptin targets acetyl-CoA carboxylase
(ACC) expression and activity to decrease lipogen-
esis, and disrupts glucose uptake. Triglyceride (TG)
lipolysis is activated via an inhibition of the inhibi-

- tory G protein (Gi) or a stimulation of the stimulatory

G protein (Gs). The production of cAMP is increased
and hormone sensitive lipase (HSL) activated. Glyc-
erol is released from the cell, whereas fatty acids
(FFA) may be released or oxidized internally.

Figure 2. Schematic illustrating a potenttal
mechanism by which adiponectin diminishes lipo-
genesis, and promotes fatty acid oxidation rather
than storage. Adiponectin stimulates the 5’-AMP-ac-
tivated protein kinase (AMPK), which causes phos-
phorylation and deactivation of acetyl Co-A-carbox-
ylase (ACC), the rate limiting enzyme for lipogen-
esis. Malonyl Co-A is depleted and its inhibition of
carnitine plamitoyl transferase (CPT-1) and carnitine
octanoyl transferase (COT) 1s relieved, thus allowing
greater fatty acid transport into the mitochondria and
peroxisomes, respectively, for oxidation. Additional-
ly, adiponectin stimulates the expression of PPARO,
a transcription factor which stimulates expression of
acyl Co-A oxidase (ACQ), the mitochondrial fatty
acid oxidase complex (FAQ), a fatty acid transport
protein (CD36}, and COT and CPT-1, which, collec-
tively, enhance the oxidative capabilities of the cell.
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Summary

The NRC nutrient requirements for optimal productivity are well defined. However, becanse the NRC
requirements have been established from studies where infectious disease is minimal, it is not clear if the
nutrient requirements for optimal productivity confer optimal immunity in the presence of infectious disease.
* The requirement for a given nutrient that has immunomodulatory properties may vary depending upon the
presence or absence of infectious disease. The purpose of this brief paper is to review several autrients that

- have immunomodulatory properties.

Iintroduction

Nutrient requirements for animals established by
the National Research Council (NRC) (NRC, 1998)
can be defined as levels adequate to permit the main-
tenance of normal health and productivity. Failure
to provide a diet that does not fulfill the minimal re-
quirements established by NRC for any nutrient wiil
ultimately immunocompromise the animal and render
it more susceptible to infectious disease. Because
outrient requirements to support optimal productiv-
ity are well defined, marked deficiencies in protein,
amino acids, or trace nutrients, are not likely to occur

in apimals reared in commercial situations. However,

the nutrient requirements for optimal productivity
may not equal those for optimal immunity because
the NRC requirements have been determined from
experiments conducted in laboratory sitnations where
infectious disease is minimal. Thus, an important is-
sue that has been the focus of nuinitional immunoclogy
research is whether specific nutrients fed at or above
NRC recommended levels could be used to modulate
the animal’s immune system in a beneficial manner.

The Immune System

Animals live surrounded by pathogenic microor-
ganisms that can cause infectious disease or pathol-
ogy. However, they fall ill relatively infrequently be-
cause they are equipped with a well-evolved immune
system that affords protection against foreign agents.
The cells of the immune system and their responses
to infection are obviously complex but can, in gen-
eral, be partitioned into two separate but interacting
components—that which provides innate immunity
and that which provides acquired (or adaptive) im-
munity (Figure 1). Both components are influenced
by nutrition (Table 1).

The component of the immune sysfem that
protects the host animal but does not distinguish one
pathogen from anether provides innate immunity.
For example; macrophbages recognize pathogens
using relatively indiscriminant and invariant recep-
tors. They ingest and degrade microorganisms, and
provide important signals (e.g., inflammatory cyto-
kines) that orchestrate other aspects of the immune
tesponse. The innate immune system is inherent to
the individual and the capacity of it to respond does
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not change or improve from the first encounter with a
particular pathogen to the second encounter. Neutro-
phils and natural killer (NK) cells are also important
for innate immunity.

Acquired immunity is a highly specific response
to a specific pathogen that is acquired over time
due to previous exposure to that same pathogen or
through vaccination. Fully differentiated B lympho-
cytes (i.e., plasma cells) secrete pathogen-specific
antibodies, whereas T Iymphocytes use discrete
receptors to recognize and kill infected cells or
activate other cells of the immune system. The initial
exposure to a pathogen produces a population of
lymphocytes with immunological memory so that if
the pathogen is encountered a second time, a rapid
response is initiated and the pathogen is eliminated
before visible signs of infection appear.

Immunomodulatory Effects of Nutrients

Amino Acids

Although numerous amino acids have important
roles in the proper functioning of the immune system,
methionine, arginine, and glatamine seem to be the
ones that are required in the greatest quantities during
an immune response. Methionine is the first limiting
amino acid in most practical poultry diets, and it is

the second or third limiting amino acid in barley and .

wheat-based swine diets, making it a primary concern
for marginal deficiency. Tsiagbe et al. (Tsiagbe et al,,
1987) showed that chicks required a greater quantity

‘of methionine to maximize immune responses to

sheep red blood cells and delayed-type hypersensi-
tivity to phytohemagglutinin, but other investigators
bave not observed this relationship (Bhargva et al,,
1970}, so the idea that animals may require methio-
nine for immune function at levels above those that
support maximal growth is not entirely agreed upon.
Arginine is considered a semi-essential amino
acid for humans and other mammals because it is,
synthesized from other amino acids via the urea
cycle. However, exogenous arginine is required for
growth in young animals and in various stress situ-
ations {e.g., sepsis, trauma) to optimize growth and
minimize nitrogen excretion (Barbul and Dawson,
1994). The finding that arginine is a direct precursor

~ of nitric oxide (NO), a potent cytotoxic agent pro-

duced by macrophages and neutrophils to kill bacte-
ria, highlights the importance of arginine to immune
function.

Although glutamine is not considered to be an
indispensable amino acid for growth of animals, re-
cent research has indicated that it may be condition-
ally essential in times of immune system activation
{Newsholme et al., 1988; Lacey and Wilmore, 1990).
This hypothesis stemmed from research showing that
glutamine is essential for the normal functioning of
macrophages and lymphocytes during an immune
response (Lacey and Wilmore, 1990; Dudrick et al.,
1994). The requirement for glutamine in these cells
is due to the increased metabolic activity following
stimulation by an infectious pathogen, The acceler-
ated metabolism is necessary to facilitate cell divi-
sion and the secretion of antibodies and cytokines, all

- processes that require amino acids and energy. Glu-

tamine is a primary carrier of nitrogen in the blood,
and its concentration is generally maintained within
arelatively small range. However, during catabolic
states like sepsis, there is an increased demand for
glutamine as a substrate for cells of the immune
system.

Lipids

Feeding high-fat diets reduces lymphocyte prolif-
eration, when compared to low-fat diets, but the pre-
cise effects depend on the amount and type of dietary
fat (Calder, 1998; Calder and Grimble, 2002). There
are two major classes of polyunsaturated fatty acids
{PUFAs)—the n-6 and the n-3 families. Linoleic acid
is the precursor of the n-6 family, and it is fourd in
plant oils, including corn and soybean oil. In animals,
linoleic acid is converted to arachidonic acid, which
can account for 25% of the total fatty acids in the
plasma membranes of immune cells. The amount of
arachidonic acid in the plasma membrane of im-
mune cells is important because it is the precursor
of several prostaglandins and leukotrienes that have
potent inflammatory effects. The precursor of the n-3
PUFAs is a-linolenic acid, which in animal tissues is
converted to eicosapentacnoic and docosahexaenoic
acids. As opposed to n-6 PUFAs that are inflamma-
tory, n-3 PUFAs are anti-inflammatory. '

Compared with diets rich in n-6 PUFAs, feed-
ing rodents diets rich in fish oil (i.e., diets rich in
eicosapentaenoic and docosahexaenoic acids) results
in suppressed proliferation of T- and B-lymphocytes,
decreased IL-2 (a cytokine that causes T-cell prolifer-
ation) production by lymphocytes, decreased T-lym-
phocyte cytotoxicity, decreased NK cell activity, and
decreased macrophage-mediated cytolysis (Ander-
son and Fritsche, 2002). Consistent with studies in



rodents, in pigs, dietary fish oil decreased leukocyte
phagocytosis, lymphocyte proliferation, and NK celt
activity (Thies et al., 1999). The production of in-
flammatory cytokines by monocytes is also inhibited
by n-3 PUFAs.

Diets rich in n-3 PUFAs decrease inflammation
at least two ways. First, consumption of a diet rich
in n-3 PUFAs increases membrane levels of eicosap-
entaenoic and docosahexaenoic acids at the expense
of arachidonic acid. Thus, when immune cells are.
stimulated, there is less arachidonic acid available to
gencrate prostaglandins and leukotrienes, which are
inflammatory in nature {Fritsche et al., 1993; Thies et
al., 1999). Second, eicosapentaenoic acid is a sub-
strate for the same enzymes that metabolize arachi-
donic acid. However, the products of eicosapentae-
noic acid metabolism are less potent inflammatory
molecules than are those generated by metabolism of
arachidonic acid.

Although it might be useful to consume high lev-
els of n-3 PUFAs to decrease inflamimation associated
with autoimmune and neoplastic disease, or reduce
the risk of heart disease, these conditions are not
especially relevant to food animal production, and the
immunosuppression may render animals more sus-
ceptible to infectious disease. Indeed, several stud-
ies have shown that dietary fish oil can increase the
susceptibility of animals to some bacterial infections
{(Chang et al., 1992; Fritsche et al., 1997; Irons et al.,
2003). Thus, inclusion of fish or other n-3 PUFA-rich
oils in animal diets should be approached with cau-
tion to avoid increased incidence of infections,

Zinc
Zinc {Zn} is a component of at least 300 en-
Zymes, and inadequate intake of Zn renders animals
severely immunodeficient and highly susceptible to
viral, bacterial, and parasitic microorganisms (Shan-
kar and Prasad, 1998). Both innate and acquired im-
munity are affected (Dardenne, 2002; Ibs and Rink,
2003). Thymulin is a hormone that promotes T-cell
~ development and function (Pleau et al., 1980). For
_activation, thymulin must undergo a conformational
change, which is induced by binding Zn. Therefore,
in Zn-deficient animals even though thymulin is
detectable in serum, it is inactive and the utility of
T-cells is severely diminished. Interestingly, pigs
nursed by sows exposed to aflatoxins have symptoms
suggesting Zn deficiency, including growth retar-
dation, thymic involution, and impaired immuno-
competence. Thymulin in pigs exposed to maternal

aflatoxins was inactive, but could be activated in vitro
by addition of physiologically relevant levels of Zn
(Mocchegtani et al., 1998).

~ Some studies suggest that the Zn required for
optimum immunity is higher than that for optimum
productivity. During the acute-phase response Zn
1s redistributed from the plasma to the liver and to
lymphocytes. In humans, daily Zn supplementation
reduced the incidence and duration of diarrhea and
reduced the incidence of acute and lower respira-
tory infections (Sazawal et al., 1996; Sazawal et al.,
1998). Strains of mice that were genetically suscepti-
ble to infection by Candida albicans became resis-
tant when fed a Zn-enriched diet or when injected
intraperitoneally with Zn, whereas normally resistant
mice became susceptible when fed diets inadequate
in Zn (Salvin et al., 1987). Adverse effects of Zn.
excess on lymphocyte proliferation and chemotaxis
and phagocytosis of neutrophils has been reported
{Chandra, 1984), so caution must be exercised when
using Zn as an irnmunomodulator.

Iron and Copper

The effect of iron (Fe) on immunocompetence is
not as clear as that of Zn; however, generally speak-
ing an imbalance in Fe intake—either too much or
too little—decreases immunity. One of the acute
responses induced by infection is hypoferremia. The
inflammatory cytokines released by activated mac-
rophages cause Fe to be sequestered. Because Fe
is a rate-limiting nutrient for the growth of several
pathogenic microorganisms, its removal from blood
and temporary storage in compartments that are not

- accessible to pathogens is considered part of the

host defense. Iron-binding proteins chelate most Fe;
however, supplementation can saturate these pro-.
teins, leaving excess Fe available to pathogens. For
instance, pigs that were given 100 mg Fe dextran
and then inoculated with Escherichia coli (E. coli)
into ligated intestines demonstrated increased total
Fe-binding capacity, increased liver Fe content and
decreased plasma Fe concentration (Knight et al.,
1984). However, pigs that received 400 mg Fe dex-
tran prior to inoculation with E. coli had increased
Fe in liver, but they were not able to increase total
Fe binding capacity and thus could not limit the
availability of Fe to the pathogenic microorganism
(Knight et al., 1984). Thus, even though supplemen-
tal Fe is needed to prevent anemia in newborn pigs,
excess Fe can actually enhance the growth of certain
pathogenic microorganisms.
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Copper (Cu) status is determined primarily by
the plasma concentration of the acute-phase protein
ceruloplasmin. The inflammatory cytokines induce
synthesis of ceruloplasmin. Therefore, whereas infec-
tion decreases circulating Fe, it increases circulating
Cu. The increase in plasma Cu may be to enhance
lymphocyte responses. Splenocytes isolated from Cu-
deficient rats produced less IL-2 when compared with
splenocytes from controls (Hopkins and Failla, 1995;

Percival, 1998). Interleukin-2 is a cytokine produced

by T-cells that acts in an autocrine manner to pro-
mote proliferation. Accordingly, the proliferation of
splenocytes from Cu-deficient rats also decreased
when compared with control splenocytes. To our best
knowledge, there have been no studies to determine
if the Cu required for optimum immunity is higher
than that for optimum production. '

Vitamin E and Selenium

The primary role of vitamin E in nutrition is to
protect cellular membranes from peroxidative dam-
age (Shefly and Schultz, 1979), whereas Se is an in-
tegral component of glutathione peroxidase. Numer-
ous studies have suggested that vitamin E and Se also
play an active role in the host’s response to infection
(Meydam and Beharka, 1998). Lessard et al. (Les-
sard et al., 1991) fed pigs a diet adequate in vitamin
E and Se or a diet deficient in both for 21 d before
they were inoculated with Salmonella typhisuis (S.
typhisuis). Whereas vitamin E and Se deficiency did
not influence the proliferation of lymphocytes from
unchallenged pigs, it markedly suppressed the prolif-
eration of lymphocytes that were obtained from pigs
that had been inoculated with S. typhisuis.

Vitamin E and Se supplementation in excess of
minimal requirements has been shown to increase
antibody production and lymphocyte proliferation
in pigs (Ellis and Vorhies, 1976; Mahan and Moxon,
1980; Peplowski et al., 1980; Larsen and Tollersrud,
1981). Vitamin E supplementation enhances the
random migration, chemotaxis, and phagocytic activ-
ity of mouse peritoneal macrophages (Del Rio et
al., 1998) and has been shown to protect mice from
influenza infection (Hayek et al., 1997; Han et al.,
2000). However, in a recent study feeding a vitamin
E level 50 times the NRC requirement did not afford
pigs protection from the effects of PRRSV infec-
tion on growth performance, cytokine production,
and certain hematological traits {e.g., white blood
cell counts) (Toepfer-Berg et al,, submitted). Other
studies indicate that vitamin E reduces the produc-

tion of certain inflammatory cytokines (Webel et al.,
1998; Leshchinsky and Klasing, 2003; Godbout et
al., 2004) and inhibits bebavioral signs of sickness
(Berg et al., 2004). Thus, in certain instances vitamin
E supplementation may be beneficial: It appears that
the reactive oxygen species generated during the im-
nune response activate certain intracellular signaling
pathways that regulate cytokine genes. Therefore,
one way to regulate cytokines might be by use of

. antioxidants like vitamin E. More research is needed

to clarify this point, however.

Vitamin A .
Vitamin A deficiency severely compromises the
integrity of mucosal epithelial cells in the respiratory,
gastrointestinal, and uterine tracts. In the respiratory
tract, ciliated columnar epithelium with mucus and
goblet cells trap and remove inhaled microorganisms.
Is animals deficient in vitamin A, ciliated epithelial
cells are replaced by stratified, keratinized epitheli-

~ um, and there is a decrease in mucin. Similarly, in the

small intestine, vitamin A deficiency resuits in a loss
of microvilli, goblet cells, and mucin (De Luca et al.,
1969; Rojanapo et al., 1980). Other effects of vitamin
A deficiency on innate immunity include changes in
epidermal keratins that disrupt skin barrier function
(Molloy and Laskin, 1985); defects in chemotaxis,
adhesion, phagocytosis, and the ability to produce
reactive oxygen species in neutrophils (Twining et -
al., 1997); decreased number of NK cells and cyto-
toxicity (Zhao et al., 1994; Zhao and Ross, 1995);
and a decrease in the expression of the receptor that
recognizes gram negative bacteria as well as the
secretion of inflammatory cytokines by macrophages
and monocytes (Semba, 1998).

An adequate level of vitanin A is also necessary
to support acquired iromunity. The growth and acti-
vation of B cells requires retinol. Pigs deficient in vi-
tamin A synthesize less than one tenth of the amount
of antibody produced by pigs fed vitamin A-fortified
diets (Harmon et al., 1963). In animals deficient in
vitamin A, infection with Trichinella spiralisa, which
normally induces strong T helper type 2-like re-
sponses (i.e., high levels of parasite-specific IgG and
production of IL4, IL-5, and IL-10), induced inap-
propriate strong T helper type 1-like responses (i.e.,
production of interferon-y and IL-12) (Carman et al.,
1992; Cantorna et a}., 1994; Cantorna et al., 1995).
In T-lymphocytes, retinoids increased expression

_of IL-2 receptors (Sidell et al., 1993) and increased

antigen-specific proliferation (Friedman et al., 1993).



In chickens infected with Newcastle disease virus,
vitamin A deficiency impaired T lymphocyte cytotox-
icity (Sijtsma et al., 1990).

Nutrieni Requirements for Optimal
Immunity?

This paper has focused on how nutrition affects
the immune system, but it must be noted that the
immune system is not a passive participant in the
interplay. When immune cells encounter a pathogen
the cytokines that are released to orchestrate the
immune response also act on other physiological
systems that affect nutrient intake and utilization.
Thus, the immune system can influence the nuiri-
ents required for optirnal performance, and specific
nutrients can either enhance or inhibit the immune
system. A better understanding of this interaction is
required, but several pragmatic applications of nutri-
ent-immune interaction are already in sight. First,
that infectious pathogens change animals’ physiologi-
cal state and alter nutrient requirements is inevitable.
If these alterations in nutrient requirements can be
precisely defined, it will be possible to formulate
cost-effective diets that maximize productivity even
if that productivity is less than it would have been
had the animal not been infected. Second, it might
be possible to develop diets that promote “optimal”
immune responses. What is considered optimal may
change from one production system to another, or
even within a system depending on the disease en-
vironment at a given time. The goal need not always
be to minimize the imoune response, for in certain
environments this might result in increased incidence
of infection. Similarly, the goal need not always be
to maximize the immune response because an over
zealous response to nonpathogenic stimuli can be
-counterproductive. Finally, it is important to recog-
nize that the physiological state of animals is very
different prior to disease, during disease, and while
recovering from disease. Therefore, the nutrient re-
quirements of the immune system and growth during
these three critical stages are likely to be different as
well. Defining these presents an important challenge
for the nuiritional immunologist.
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Table 1. Several nutrients with well-documented immunomodulatory effects.

Nutrient Primary immunelogical function
Arginipe Nitric oxide production '
Glutamine Primary nitrogen carrier in blood
n-6 PUFAs | Promote inflammation

n-3 PUFAs Inhibit inflammation

Vitamin E & | Enhance humoral and cell-mediated immunity and inhibit inflammatory
‘Selenium cytokine production

Figure 1. The immune system can be partitioned into two separate, but interacting
components—that which provides innate immunity and that which provides acquired
immunity. Both innate and acquired immunity can be modulated by nutrition.
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Summary

Addressmg the potential problems of odor and environmental pollution from high levels of nitrogen (N),
phosphorus (P), and other nutrients in animal manure is one of the major challenges facing animal agriculture.
Swine mapure is rich in N and P, and inappropriate application of manure to crop land can result in nega-

- tive effects on surface and ground water. Some of the N in swine manure originates from undigested protein,
but primarily it comes from the breakdown of dietary amino acids that exceeded the pig’s requirements. The
use of lysine and other crystalline amnino acids in low protein diets is an effective method of reducing amino
acid excesses, thereby lowering N excretion. However, in order to effectively use crystalline amino acids, itis
important to know the order in which the amine acids are limiting when various feedstuffs and combinations of
feedstuffs are fed, and the relative magnitude of difference between the amino acids in their order of limitation.
This paper describes a method of obtaining this important information that must be known before one can effec-
tively utilize supplemental amino acids in diet formulation.

Introdugtion

Environmental challenges in agriculture repre-
sent one of the major issues facing the animal indus-
try. Manure and odors from swine units and other
animal confinement units are two of the important
environmental issues. Livestock and poultry produce
nearly 160 million metric tons of manure annuatly in
the USA (Sweeten, 1992; Table 1). Pigs excrete over
15 million tons of manure annually, which represents
about 10% of the total manure production by farm
animals. Large amounts of N and P are excreted in
animal manure, with approximately 6.5 million tons

of N and 2 million tons of P excreted annually (Table -

1). Pigs are responsible for 11% (730,000 tons) of the
N and 25% (460,000 tons) of the P excreted annually
by farm animals.

Manure is a valuable resource when used as
fertilizer to enhance crop production. Frequently,
“however, the nutrients that are applied to land as ma-

nure exceed the amounts needed by plants. When this
happens, the excess nutrients can potentially become
environmental pollutants. Excess N in soil, whether
from manure, commercial fertilizer, or decomposed
plant organic matter, is converted by microorganisms
to ammonium ions, which are then further oxidized to
nitrite and nitrate ions. Nitrates readily leach through
the soil profile and can contaminate ground water. In
addition, excess N in manure can result in increased
emission of aerial ammonia and other gasses, includ-

ing those with offensive odors (Turner et al., 1996).

Nitrogen in Swine Manure

The high N content of swine manure is attribut-
able to several factors. First, swine diets are relatively
high in protein due to the large amounts of amino
acids that are needed to support a high rate of lean
growth. Second, the dietary protein is not completely
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digested as the feed passes through the digestive tract
and endogenous N from intestinal secretions and

slonghed cells are added; this results in approximate-

Iy 15 to 20% of the dietary N passing out of the pig
in the feces. Third, and probably most important, the
pattern of the amino acids that are digested from the
protein and absorbed into the bloodstream is mark-
edly different than the pattern of amino acids needed
by pigs for growth and other functions. Thus, the N
from those amino acids that are in excess of the pig’s
requirements is converted into urea and excreted in
the vrine. '

The amount of N that is excreted by pigs is
influenced by three factors: (1) the amount of dietary
N (protein) that is consumed, (2) the efficiency with
which the dictary N is utilized by the animal for
growth and other functions, and (3) the amount of en-
dogenous N. In other words, the amount of excreted
N can be expressed as:

N excretion = N intake - N utilized + N
Jrom endogenous sources '

Generally, little can be done to influence the
amount of endogenous N. Thus, in order to reduce
the amount of N excreted by pigs, the amount of N
that is consumed must be decreased, the efficiency of
utilization of the dietary N must be increased, or both
must occur.

Reducing Nitrogen Excretion
Avoid Excess Protein

There are a number of nutritional strategies that
can be used to reduce the concentration of N in swine
manure (CAST, 2002). One means is to feed diets
that do not have excessively high levels of protein.
Pigs require certain amounts of the 10 essential ami-
no acids depending on their genetic ability to deposit
lean tissue. The NRC (1998) established a system
(model) for estimating the amino acids require-
ments of pigs based primarily on their lean growth.
The daily lysine requirement at a given body weight
equals the sum of the requirement for maintenance
at that weight plus the requirement for whole body
protein accretion, which is estimated from the carcass
fat-free lean tissue deposition. The daily require-
ments for the other nine amino acids are based on
their ratios to lysine for maintenance and for protein
accretion. Daily requirements are then converted to
dietary percentage requirements based on estimated
daily feed intake.

‘Feeding pigs a high protein diet with a lysine
level that exceeds the lysine requirement is of no
value and may actually be a detriment. The excess
amino acids are simply deaminated and the excess N
is converted to urea and excreted in the urine. Every
I percentage point increase in dietary protein beyond
that needed to meet the lysine requirement results in
a 10% increase in N excreted, as shown in Table 2.

Strive for Ideal Amine Acid Balance

Another means of reducing N excretion is to feed
high quality protein sources having a good balance of
amino acids. This will allow one to meet the lysine
requirement at lower dietary protein levels than when
low quality protein sources are used. For example,

a corn-soybean meal diet containing 16% protein
provides 0.81% lysine. However, if cottonseed meal
{a poor quality protein source) is used instead of
soybean meal (a high quality protein source), it takes
a dietary protein level of 20% to supply the same
amount of lysine (0.81%). The excesses of the other
amino acids in the higher protein, cottonseed meal
diet are catabolized for energy and the additional N
resulting from the excess amino acids is excreted in
the urine.

Some swine feeds are now being formulated on
an “ideal protein” basis. An “ideal protein” is one
in which the amino acids more closely match those
needed by pigs for lean tissue protein synthesis and
maintenance (NRC, 1998). Although nutritionists
cannot formulate a diet with a perfectly balanced
amino acid profile using natural feed ingredients, the
use of computers and having an array of different
feed ingredients allow feed manufacturers to produce:
feeds that have reduced amino acid excesses. Again,
reduced excesses of unneeded amino acids mean that
less N will be excreted.

Supplemental Amino Acids

Supplementing the diet with lysine to meet a
portion of the dietary lysine requirement is one of
the best strategies for reducing N excretion by pigs.
This process reduces N excretion because lower
protein diets can be fed when lysine is supplemented.
Many research studies at the University of Kentucky
and elsewhere have shown that one can reduce the
protein level by 2 percentage points when the diet is
supplemented with 0.15% lysine without negatively
affecting performance of growing and finishing
pigs (Cromwell et al., 1996; Table 3). We have also
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found that one can reduce dietary protein levels by

4 percentage points without reducing performance

if threonine, tryptophan, and methionine are supple-
mented along with lysine (Table 4). However, in
these studies, carcass leanness was reduced slightly
when the low protein, amino acid supplemented diets
were fed. This is probably due to the fact that comn

‘replaced 5 to 10% of the soybean meal in the lower

protein diets, and corn has more net energy than
soybean meal. Correcting for this difference in net
energy likely would have prevented the fatter car- -
casses. :

Feeding lower protein diets supplemented with
amino acids significantly reduces N excretion. In N

balance experiments conducted at the University of

Kentucky (Picrce et al., 1994; Carter et al., 1996),
N excretion decreased by 18 to 20% when dietary

- protein was reduced by 2 percentage points and

lysine was added (Table 5). Furthermore, N excre-
tion decreased by as much as 40% when the dietary
protein was reduced by 4 percentage points and
lysine, threonine, tryptophan, and methionine were
supplemented (Table 5). According to a prediction

- model (Carter et al., 2003), N excretion is reduced by |

10% for every 1 percentage point decrease in dietary
protein, as shown in Table 2, which agrees quite well
with the empirical data shown in Table 5.

Amino Acid Suppiements

Lysine, as L-lysine-HCI (78% lysine), is com-
monly used in swine diets to supply 2 portion of the
total dietary lysine. The price of lysine is such that it
Is cost effective to use in swine diets. Lysine prices,
however, do fluctuate and are driven largely by the
price of soybean meal. When soybean meal prices in-
crease, there is more demand for lysine, so the price
of lysine also increases.

DL-methionine or methionine hydroxy analog
(MHA) is almost universally used in poultry diets be-
cause methionine is relatively inexpensive and is the
first limiting amino acid in poultry diets (due to the
high sulfur-amino acid content of feathers). However,
methionine has less utility as a supplement for pigs
because it generally is not in the upper category of
limiting amino acids except in complex diets contain-
ing dried blood products {plasma or cells) or dried
whey. '

L-threonige and L-tryptophan have considerable
potential as dietary supplements for pigs because
they generally are next to lysine in their order of

limitation. Until recently, the high cost of these two
amino acids prohibited their usage. However, recent
developments in biotechnology, new fermentation
techniques, and other new technological advances,
have brought these amino acids into the market

place. Currently, threonine is about the same price

as lysine-HCL Tryptophan is still rather expensive
(about 10 times the price of lysine and threonine), but’
much less is needed in diets compared with lysine

" and threonine.

Limiting Amino Acids —~ Their Order

In order to utilize crystalline amino acids in
swine diets, it is important to know the order in
which the amino acids are limiting when varicus
feedstuffs and combinations of feedstuffs are fed, and
the relative “distance” (or magnitude of difference)
between the amino acids in that order. This informa-
tion must be known before one can effectively utilize
supplemental amino acids in diet formulation. For
example, tryptophan is the first limiting amino acids
in comn and methionine is the first limiting amino
acid in soybean meal, but lysine is first limiting in a
com-soybean meal blend. For many years, nutrition-
ists assumed that tryptophan was the second limiting
amino acid in a corn-soybean meal blend, but now
we know that tryptophan and threonine are almost
equally limiting in their order (Russell et al., 1983,

_ 1986). Interestingly, threonine is more limiting than

iryptophan in a corn-soybean meal diet in young
pigs and tryptophan is more limiting than threonine
in older finishing pigs. This type of information is
important for the nutritionist to know. Supplementing
an amino acid that is fourth limiting is of no benefit
(and may actually be a detriment) if the second and
third limiting amino acids are deficient.

Table 6 shows the amino acids that are present
in 2 corn-soybean meal diet blended to provide from

8 t0 17% crude protein. By comparing the dietary

amino acids at each protein level, ope can approxi-
mate the order that the amino acids become limiting
for a 50 kg pig. For example, going from left to right
in this table (i.c., decreasing protein level and de-
creasing amounts of soybean meal) it is obvious that -
lysine is first limiting, threonine and tryptophan are
next limiting, and methionine + cystine, isoleucine,
and valine follow. Ample amounts of arginine and
leucine and almost enough histidine and the aromatic
amino acids (phenylalanine + tyrosine) are present in
an all-corn diet without further protein supplementa-
tion. ' :
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Method of Determining Order of Limiting
Amino Acids

Many experiments have been conducted down
through the years to establish the first, second, third,
etc., imiting amino acids in various feedstuffs, and _
the results have been published in the scientific litera-
ture. ‘Various procedures have been used to estimate
the order. Sometimes a particular feedstuff is fed
with single amino acid additions and combinations
of amino acid additions. In other cases, the particu-
lar feedstuff is supplemented with all questionable
amino acids and single deletions of amino acids are
made. Short-term growth studies, N balance studies,
measurements of blood urea, and numerocus other

. measures are often made. However, these kinds of

experiments are expensive to conduct, time consum-
ing, and require large numbers of animals. Responses
are often confusing and interpretation of the data is
often difficult.

Several years ago, a visual method was devel-
oped for determining the order in which amino acids
become deficient and the relative magnitude of the
order among amino acids (Cromwell, 1996). This
rather simple method gives results that support the
results of many of the empirical studies that have
been conducted. It is surprisingly precise and accu-
rate, providing that one can predict the pig’s amino
acids accurately and that the amino acid levels in the
feedstuffs being tested are accurate.

This methodology has now been adapted to an
Excel® spreadsheet, and the output is illustrated in
Figures 1 and 2. The first example (Figure 1a) shows
six amino acids that are provided by soybean meal
in.a diet containing only soybean meal at 0 to 40%
of the diet (in this case, the balance of the diet would
be starch or some other non-protein constituent). The
percentage of the pig’s requirement for each amino
acid is linearly related to the level of soybean meal
and 1s plotted for the six most limiting amino acids.
The horizontal line gives the amino acid requirements
for a 50 kg pig (NRC, 1998). The point at which the
amino acid lines intersect the requirement line, as the
percentage of soybean meal decreases from 4€ to 0%,
indicates the order that the amino acids in soybean
meal become deficient. In other words, the order of
limitation is determined by the order that the amino
acids intersect the requirement line, going from right
to left. In this example, the sulfur-amino acids are
first imiting, threonine is second, Iysine is third, and
valine is fourth limiting in soybean meal protein for 2
50 kg pig.

This same procedure can be used to assess the
amino acids in a blend of ingredients, such as a com-
soybean meal diet. Figure 1b shows the six most
limiting amino acids in this diet. For such a blend, the
left vertical axis gives the percent of the requirement
met by corn and the right vertical axis gives the per-
cent of the requirement met by a soybean meal (25%)

. and corn (72.5%) blend. Evaluating the intersection
points from right to left indicates that lysine is first

limiting, threonine and tryptophan are next, and
they are followed by the sulfur-amino acids, then by
valine and isoleucine (equal limiting) in the corn-soy-
bean meal blend. A wheat-soybean meal blend (Fig-
ure Ic) is first limiting in lysine and second limiting
in threonine. The isoleucine, valine, and methionine
+ cystine requirements are nearly met and all of the -
other essential amino acids are more than adequate
for a 50 kg pig consuming an all-wheat diet. Finally
in 2 corn-meat meal blend (Figure 1d) tryptophan is
first limiting, lysine is second, and threonine is third
limiting. Isoleucine and the sulfur-amino acids are
next limiting followed by valine.

Table 7 shows the six amino acids in order of the
most limiting to the least limiting in commonly used
cereal grains, protein supplements, and miscellaneous
feed ingredients, along with various combinations of
these ingredients. The requirements of a 50 kg pig are
used in this table (except for the complex diets for
weanling pigs), and only the six amino acids that are
most likely to be limiting (lysine, threonine, trypto-
phan, methionine + cystine, isoleucine, and valine)
afe given. |

The order in which the amino acids become lim-
iting is based on the requirements for the amino acids .
themselves. In other words, the order changes as pigs
increase in body weight and as their requirements )
become less. For example, as shown in Table 7 and
Figure 2, the sulfur amino acids are second limiting
in a corn-soybean meal diet for a 10 kg pig (although
this type of diet would not likely be fed to 2 10 kg
pig), they are third or fourth limiting in intermedi-
ate weight pigs, and sixth limiting in a corn-soybean

- meal diet for a 120 kg finishing pig. The order of

threonine and tryptophan also change as pigs increase
i body weight, as do the order of isoleucine and
valine.

This same procedure has been further refined by
adapting the data to a digestible (apparent or true)
amino acid basis (Figure 3). Using digestible amino
acids with this procedure is useful in determining
which amino acids can be supplemented and at what



levels they can be added when one is dealing with
feed ingredients having certain amino acids that are
poorly digestible (such as threonine in meat meal or
meat and bone meal).

Econamics of Amino Acid
Supplementation

. As indicated previously, lysive is widely used in
swine feeds. The general assumption is that ope can
reduce the level of dietary protein in a corn-soybean
meal diet by 2 percentage points and add 0.15% ly-
sine (0.192% lysine-HCI). Another way of expressing
this is that 96.15 b of corn and 3.85 Ib of lysine-HCl
is equivalent to 100 Ib of dehulled soybean meal in a
ton of diet. Based on mid-July prices of corn ($2.40/
bu; $.043/1b), soybean meal ($310/ton; $0.155/1b),
and lysine HCI1 ($1.20/1b), this amounts to a savings
of approximately $6.75/ton.

Examples of further reductions of soybean meal
in diets with additional amino acids are shown Table
8. This table shows the amounts of lysine, threonine,
tryptophan, and methionine that can replace soybean
meal in corn-soybean meal diets for 20, 50, 80, and
120 kg pigs. These amounts of amino acids are based
on the soybean meal that can be eliminated from the
diet (and replaced with corn) while still meeting the
requirement for the fifth limiting amino acid, either
isoleucine or valine.

‘Based on the mean of the four weight groups,
soybean meal can be reduced by approximately
10.5% (equivalent to a 4% reduction in dietary pro-
tein), With this reduction, 0.38% lysine-HCI, 0.10%

‘threonine, 0.035% tryptophan, and 0.02% methionine
would need to be added. Expressed another way,
199.3 Ib of corn, 7.6 Ib of lysine-HC, 2.0 Ib of threo-
nine, 0.7 ib of tryptophan, and 0.4 [b of methionine
could replace 210 1b of soybean meal in a ton of diet.
At mid-July prices of corn, soybean meal, and amino
acids (threonine = $1.40/1b, tryptophan = $13.00/Ib,
methionine = $1.10/Ib), the substitution of corn and
‘these four amino acids for soybean meal is slightly
more economical ($30.03 vs $32.50, respectively,
for 210 Ib of substitution). However, at more typical
prices of corn ($2.00/bu) and soybean meal ($200/
ton), amino acid supplementation is more costly than
the intact protein diet ($28.58 vs $21.00 for 210 Ib
substitution).

In summary, knowing the limiting amino acids in

cereal grains, protein supplements, by-product feeds
‘and combinations of feed ingredients, and under-

standing the order that amino acids become limiting
as the dictary protein level is reduced is essential in
order to utilize supplemental amino acids effectively -
in low protein diets that minimize N excretion.
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Table 1. Quantities of manure, nitrogen, and phosphorus excreted annually by livestock and
pouluy in the United States (dry matter basis)”

Manure Concentration (%) Excretion (thousand tons)

Species . {million tons) N P N P
Ruminants

Beef cattle 96.6 3.96 1.07 3,828 1,029

‘Dairy cattle 29.1 3.75 0.79 1,091 230

Sheep 1.8 3.89 0.56 70 10
Nonruminants ' :

Swine 15.5 4.71. 2.97 730 460

Poultry 15.4 5.13 - 1.62 790 250

. Total : 158.4 6,509 1,979

*Adapted from Sweeten (1992).

Table 2. Nitrogen excretion of pigs from 20 to 120 kg?

~ Dietary protein level fed N excreted, kg Change
Correct percentage of protein to meet the lysine requirement 4.62
1% more protein than needed _ ' 5.08 10% more N
2% more protein than needed _ 5.54 20% more N
2% less protein + lysine 3.70 20% less N
4% less protein + lysine, threonine, tryptophan, and methionine 2.78 40% less N

*Carter et al. (2002, 2003). Based on NRC (1998) standards and a N/P excretion model
developed by S.D. Carter (Oklahoma State University) and G.L. Cromwell (University of
Kentucky). Predicted N excreted is N consumed minus whole empty body N retained by barrows
and gilts averaging 50% fat-free carcass lean and 325 grams of fat-free carcass lean gain per day.
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- Table 3. Performance of growing-finishing pigs fed low protein, com-soybean meal diets

without and with supplemental lysine®

——————————————— Dietary protein, %-—------~-e—-
Item 16-14 14-12 14-12
+0.15% lysine
Daily gain, kg 0.74 0.67 0.74
~ Daily feed, kg 2.27 232 2.28

Feed/gain 3.09 3.47 3.10
Carcass (scanned) .

Backfat, cm 2.64 _ - 2.79

Loin depth, cm 4.78 . - 4.85

Estimated lean, % 48.2 - . 474

*University of Kentucky. Four experiments, 78 pigs per treatment, 19 to 103 kg body weight.
Protein levels were reduced to from 16 tol4, from 14 to 12, and from 14 to 12%, respectively, at
50 kg. Carcass data from one experiment.

Table 4. Performance and carcass traits of pigs fed low protein, corn-soybean meal diets
supplemented with amino acids®

----------- Dietary protein-----—--
Item ' Adequate® Low®
. + amino acids®
Daily gain, kg .74 0.75
Daily feed, kg 227 2.29
Feed/gain 3.06 3.07
Carcass (scanned) ' '
Backfat, cm 2.51 2.77
Loin depth, cm 4.67 4.75
Estimated lean, % 48.9 474

*Seven experiments at the University of Kentucky involving growing pigs (17 to 34 kg),
finishing pigs (53 tp 94 kg), and growing-finishing pigs (21 to 109 kg); 184 pigs per treatment.
Carcass data based on three trials with finishing pigs.

bAc:le:quati: = 16 t017% protein in grower, 14 to 15% in developer, and 13 to 14% in finisher.
‘Low = 4 percentage points less protein than adequate diet. -

dAdded lysine (0.30%)), threonine (0.05 to 0.10%), tryptophai (0.03 to 0.05), and methionine
€0.05 to 0.10%).



Table 5. Nitrogen excretion of pigs fed reduced protein diets with amino acids

N excretion .
Fecal N Unnary N Total N Reduction
g/day g/day g/day %

Experiment 1°
71 kg pigs

14% protein 4.7 16.2 -20.9

12% protein + lys . 4.0 12.8 16.8 20

10% protein + lys, thr, and trp 4.6 ' 9.4 14.0 33
108 kg pigs -

14% protein _ 43 19.1 234 .

12% protein + lys . 4.5 14.6 19.1 18

10% protein + lys, thr, and 52 123 17.5 25

- Experiment 2° .

34 kg pigs

16% protein 5.7 11.2 16.9

12% protein + lys, thr, trp, and met 54 5.7 1.1 34
115 kg pigs .

14% protein 73 221 29.4

10% protein + lys, thr, trp, and met 5.6 11.9 17.5 40

“Pierce et al. (1994). The 12% protein diet was supplemented with 0.15% lysine and the 10%
Erotcin diet was supplemented with 0.30% lysine, 0.08% threonine, and 0.03% tryptophan.

Carter et al. (1996). The low protein diets were supplemented with 0.30% lysine, 0.10%
threonine, 0.05% tryptophan, and 0.10% methionine.
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Table 6. Essential amino acids in comn-soybean meal diets containing various protein levels™

Isoleucine 0.46 0.70 0.65 0.60
Leucine 0.80 1.57 150 1.44
Met + Cys 0.48 0.59 0.56 0.54
Phe + Tyr 0.77 144 135 1.25
Threonine 0.55 0.64 060 0.56
Tryptophan  0.15 0.19 0.18 0.16
Valine 057 081 0.76 0.71

Amino Requirement Dietary protein, %

acid 50 kg pig 17 16 15 14 13 12 11 10 9 8
Lysine 0.84 0.88

Arginine 0.32 1.07 099 091 0.83 0.75 0.67 059 051 0.37

Histidine 0.27 046 044 041

*Amino acid (total) requirements of a 50 kg pig of high-medium lean growth rate (325 g/day of
carcass fat-free lean) and consuming a fortified corn-soybean meal diet containing 2.5% minerals,
vitamins, and additives (3,400 kcal DE/kg) (NRC, 1998).

® Amino acids in shaded areas represent deficient levels.

“The 17% protein diet consists of 74.8% corn and 22.8% dehulled soybean meal and the 8%
protein diet consists of 97.5% corn and 0.0% dehulled soybean meal. Every 1% increase in
soybean meal represents an increase of 0.39% dietary protein. Similarly, every 1% change in
dietary protein represents a change of 2.53% in soybean meal and a change of 0.07% in lysine.



Figure 1a — Soybean meal

Figure 1b — Corn-soybean meal diet
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Figure lc — Wheat-soybean meal diet

Figure 1d — Corn-meat meal diet
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Figure 1. Procedure for determining the limiting amino acids as the level of soybean meal or
meat meal is reduced in the diet for a 50 kg pig. The order in which amino acids become limiting
is indicated by the point at which the amino acid crosses the horizontal line (100% of the
requirement) proceeding from right to left.
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Figure 2a — Corn-soy diet — 10 kg pig
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Figure 2b — Corn-soy diet - 20 kg pig

Figure 2¢ — Corn-soy diet - 50 kg pig
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Figure 2d — Corn-soy diet — 110 kg pig
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Figure 2. Limiting amino acids as the level of soybean meal is reduced in a corn-soybean meal
diet for a 10, 20, 50, and 110 kg pig. The order in which amino acids become limiting is
indicated by the point at which the amino acid crosses the horizontal line (100% of the

- requirement) proceeding from right to left.




Figure 3a — Total amino acids (AA) basis

Figure 3b — Apparent dlgestlble AA basis
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Figure 3¢ — True digestible AA basis
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Figure 3. Limiting amino acids as the level of soybean meal is reduced in a corn-soybean meal
diet containing 7.5% meat and bone meal. The three figures illustrate differences in the

* magnitude of the order of limiting amino acids based on total (F igure 4a), apparent ileal
digestible (Figure 4b), and true ileal digestible (Figure 4c) amino acids for a 50 kg pig. The order
in which amino acids become limiting is indicated by the point at which the amino acid crosses
the horizontal line (100% of the requirement) proceeding from right to left.
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Table 7. Limiting amino acids in selected feed in

swine®

gredients, simple diets, and complex diets for

Limiting amino acids

_ T e —

First Second Third Fourth Fifth -Sixth
Cereal grains
Corn Lys Trp Thr e Val © M+C
Sorghum Lys Thr Trp M+C  (Val Ile)
Wheat Lys Thr (Ile Val. MHC) Tip
Barley Lys Thr M+C Ile - (Trp Val)
QOats Lys Thr Trp Ile Val M+C
Protein sources
Soybean meal M+C Thr Lys Val Tip Ile
Canola meal Lys (Thr Trp) (Ile Val) M+C
Cottonseed meal Lys Thr (Ille M+C) (Val Trp)
Meat meal Tip M+C  (lle Thr Lys) Val
Meat and bone meal Tip M+C  (Thr lle Lys) Val
Blood meal Ile M+C Thr Lys Trp Val
Fish meal Trp (Thr M+C) Val (He Lys}
Miscellaneous
Dried plasma ile M+C Lys (Thr Val) Trp
Dried blood cells Ile M+C Thr Tip Lys Val
Dried whey M+C  (Lys Val) Trp Thr He
Simple diets :
Corn-soybean meal Lys Thr Trp M+AC  (Val Ile)
Corn-canola Lys Trp Thr lle Val M+C
Corn-meat meal Trp Lys Thr Ile M+C Val
Corn-meat and bone meal Trp Lys Thr Ile M+C Val
Corn-fish meal Trp Lys Thr He Val M+C
Corn-cottonseed meal Lys Thr Trp He (Val M+C)
Sorghum-soybean meal Lys Thr M+C Trp Val Ile
Wheat-soybean meal Lys Thr (le Val M+C) T’
Barley-soybean meal Lys Thr M+C (Ite Val Trp)
Oats-soybean meal Lys Thr Tp . 1le° Val° MiC°
Corn-soybean meal + 5% fish meal - Lys Trp Thr M+C (Ile Val)
Corn-soybean meal + 5% meat meal Lys Trp Thr M+C Ile Val
Complex diets :
Corn-soy + 30% dried whey* M+C  Lys Thr (Trp Val) Ile
Comn-soy + 25% whey + 6% plasma® M+C Thr (Trp Val) Lys Ile
Com-soy + 10% whey + 3% cells® M+C  Thr Trp Lys Val Ile



Table 7 (continued)

: Limiﬁng amino acids--------—-------
First Second Third Fourth Fifth- Sixth

Effects of body weight (corn-soy diet)

10 kg Lys M+C Thr Trp Val e
20 kg Lys Thr M+C Trp Val He
50 kg Lys Thr Trp M+C  (Val He)
120 kg Lys Trp Thr tle Val* M+C°

"Based on requirements for total amino acids (50 kg barrows and gilts, 325 g lean gain/day,

3,400 kcal DE/kg) and feedstuff composition listed by NRC (1998). Order is not included for the

-other four essential amino acids.

® Amino acids within parentheses are nearly equally hmxtlng

°Not Himiting, : : '
Requirements of 10 kg pigs. - '
“Requirements of 20 kg pigs.

Table 8. Use of amino acids in reduced protein, corn-soybean meal diets

smmmem e, Body weight, kg ---v-m-m-m -

20 50 80 120 Avg®

Soybean meal reduction, %° 134 1.5 104 9.1 10.6
Amino acids needed _

Lysine, %° 0.37 0.32 0.29 0.25 0.30
 Aslysine'HCl 0.47 0.41 0.37 0.32 0.38

Threonine, % 0.15 0.12 0.09 0.07 0.10

Tryptophan, % 0.039 0036  0.035  0.033 0.035

Methionine, % . 0.09- 0.03 - - 0.02

*Amount of soybean meal in a com-soybean meal diet that can be eliminated (replaced with
corn) while still meeting the requirement for the fifth limiting amino acid (isoleucine or valme)
Based on the slope procedure shown in the figures.

I’\"Vetghl:ed average, gmng twice as much weight to the 80 and 120 kg categories.
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summary

Phosphorus (P) loss from soils can adversely affect the trophic status and potential use(s) of freshwater
ecosystems. If applied at excessive P rates to cropland, manure can significantly increase soil P loss potential.
Considerable research has demonstrated that P loss potential is related to the time, rate and method of mantire
applied, as well as field characteristics like soil test P, runoff and erosion potential, distance to waterbody, and
the presence of tile drains or other direct hydrological connections. Phytase has been used to improve dietary
P availability and reduce total manure P excretion in swine and poultry. However, phytase also can impact
the form(s) of P excreted in manure, and therefore, may impact potential P loss from soils. In this paper, we
provide an overview of the environmental consequences of excess P, pathways of P transport to surface and -
ground water resources, the role of phytase in reducing manure P excretion by pigs, and the potential impact

of phytase on P'm_ovement in manure-amended soils.

Phosphorus and the Environment

Phosphorus (P) is an essential element for normal
growth, development, and reproduction of both plants
and animals. However, excessive P levels can impair
surface water quality. It is well established that P is
the limiting nutrient for phytoplankton production in

. lakes (Vollenweider, 1968; Schindler, 1974, 1977).
Although less data exist for streams and rivers, re-
search indicates P also is a limiting nutrient in these
systems (Stockner and Shortreed, 1978; Elmwood
et al., 1981; Peterson et al., 1985). High P levels in
surface waters accelerate the eutrophication process
and often result in excessive growth of phytoplankton
like algae and cyanobacteria. The respiration of these
organisms leads to decreased oxygen levels in bottom
waters, and under certain circumstances (at night
under calm; warm conditions) in surface waters (Cor-
rell, 1998). These decreased oxygen levels can lead
to fish kills and significantly reduce aquatic organism
diversity.

Both organic and inorganic P compounds are
present in soil; however, plants take up only inor-
ganic P. Soil P dynamics are largely influenced by
soil pH, clay content and mineralogy, amorphous

iron, aluminum and manganese, organic matter, and
soil moisture. Inorganic P is the predominant P form
in both manures and commercial fertilizers. Depend-
ing on soil pH and mineralogy, inorganic P can be
sorbed to the surface of clays and amorphous iron
and aluminum compousnds, or be precipitated as min-
eral salts until they are utilized by plants, Organic
forms of P from crop residues, soil organic matter
and manures can be mineralized to inorganic P by
soil microorganisms and become available for plant
uptake. Conversely, inorganic P can be immobilized
to organic P forms that are not available for plant
uptake. In addition, some organic P forms excreted
in manure may displace previously sorbed inorganic
P from soils and increase inorganic P runoff and/or
leaching in the soil, while other organic P forms may
not be readily sorbed by the soil and move more rap-’
idly via runoff or leaching.

Much of the P reaching water is from runoff,
often with sediment, from cropland receiving high
rates of manure or inorganic feriitizers. The extent of
P runoff from soils depends on rainfzll intensity, soil
type, topography, soil moisture content, crop cover,
and the form, rate and method of P application. Con-



86

servation best management practices that reduce sur-
face minoff and erosion can greatly reduce the risk of

P loss from soils. While P loss to surface and ground -

water via P leaching through the soil profile is gener-
ally much smaller than runoff P losses, excessive P
applications to soils over time will move P to lower
portions of the soil profile, and this P can discharge
into tile drains, ditches and eventually streams. Sig-
nificant P discharges from tile drains also can occur
via macropore transport of manure to tile lines after
land application, especially during the dry season

-\when cracks form in the topsoil. Additionally, sandy

soils with rapid drainage generally have greater P
leaching potential than heavier textured soils.

Phosphorus and US Swine Prodht:t—iun

Approximately 60 million pigs are present on US
farms at any one time and they generate approximate-
ly 85 million tonnes of manure, including 700,000
tonnes of N, 450,000 tonnes of P,Q, and 370,000
tonnes of K,O each year (Hess et al., 2001). Unfor-
tunately swine manure N, PO, and K, O composition
is not properly balanced for plant uptake by typical
.crops grown in production agriculture. The relative
ratio of potentially available N, P,O, and K,0 in
manure from pigs fed commercial diets after storage
in liquid pits is roughly 1:1:1. Additional N losses
resulting from alternative manure storage systems,
as well as manure application method and timing
can result in relative N, P,O; and K, O ratios closer
to 1:2:2. Comn grain production requires roughly a _
3:1:1 ratio of N, P,0, and K. O, and if corn is grown
for silage, then a 2:1:2 ratio of N, P,0; and KOis
desirable. Therefore, when manurc is apphed to meet
the N requirements of crops, the P applied nearly al-
ways exceeds crop removal. For example, if manure
1s applied to meet the N requirement for corn grain,
manure P applications may be 3-6 times greater than
crop P removal.

In certain regions of the US, more P is produced
in manure than can be utilized by productive crop-
land; however, most manure P loading challenges oc-
cur at the farm or community level. In the past 15-20
years, pork producers have increased the number of
pigs at individual farms more rapidly than they have
increased the land area available for manure appli-
cation. As a result, manure applications have been
made more frequently to individual fields.

Frequent applications of manure to cropland,
especially at N based rates, rapidly increase soil test

P levels and increase potential P loss from agricul-
tural fields. Increased soil P accumulation at the
farm, community and regional levels has prompted
efforts to regulate or encourage the long-term man-
agement of manure applications on a P basis through
the recent revision of the USEPA CAFO NPDES
permit rule and the promotion of NRCS sponsored
comprehensive nutrient management plans (CNMPs)
to improve nutrient balance and management at the
farm level,

Phytase Impacts on Manure Phosphorus

In response to both regulatory and voluntary
management efforts to reduce P loading to agricul-
tural soils, phytase has become more commonplace
in monogastric (swine and poultry) diets. Compared
to industry standard diets, phytase inclusion, with a
concomitant reduction in inorganic P supplementa-
tion, can reduce manure P excretion 20-30 percent
without affecting animal performance. Phytase also
can change the form(s) of P excreted in manure, and
some concern does exist about whether these changes
in manure P composition may influence P movement
in manure-amended soils.

While some studies have shown that phytase
additions have the potential to increase water soluble
P (WSP) and P runoff losses in poultry litter (Moore
et al., 1998; Delaune et al., 2001), other research
has shown that WSP levels in poultry litter are more
closely associated with the dietary P level fed rather
than the use of phytase (Applegate et al., 2003). In
studies involving pigs, most research has shown that
with appropriate reductions in supplemental inorgan-
ic P, phytase inclusion either decreases, or has no ef-
fect on, WSP excretion (Baxter et al., 1998; Hankins,
2001; Hill et al., 2003; Nussbaum—Wagler, 2003).

Phytase impacts on Phosphorus Loss
From Swine Manure-Amended Soils

While several studies have been conducted to
determine the impact of phytase on P runoff from
pastures that receive poultry litter, only a few stud-
ies have evaluated the impact of phytase on P loss
from tilled soils. Gilley et al. (2001) measured the
amount of P and N lost from soils that received swine
slurry from animals fed a traditional diet or a diet
containing phytase when the slurries were applied on
an equal P basis to soils. Although more N was lost
from the soils receiving the phytase diet, they did not



observe significant differences in the amount of P
lost from soils receiving either diet. Nussbaum-Wa-
gler (2003) measured the amount of N, P and sedi-
ment lost from soils that received swine slurry from
pigs fed a standard or improved available P diet that
included phytase. Mamures were surface broadcast or
mcorporated into the soil and applied on an equal N
basis. Soils amended with manure from the standard
-diet had WSP and total P losses that were roughly 1.5
-and 1.3 times greater than soils amended with manure
from the improved available diet. These reductions in
Ploss were largely attributed to the reduced amount
of P applied in the manure from the improved diet.

From these manure application studies conducted
on tilled soils that are planted to annual crops, P .
- losses appear to be more closely related to the total
quantity of P applied in manure, rather than dif-
ferences in the form of P applied in manure. In the
Nussbaum-Wagler (2003) study, manure placement
(surface broadcast vs. incorporated) had a far greater
impact on P loss than diet.

Our Practical Knowledge About Phytase
and Soil Phosphorus Movement

Phytase can significantly reduce manure total P
excretion, and therefore, manure P loading to soils.
The overall reduction in soil P loading from phytase
use will positively impact the environment. Most
research also shows that phytase reduces P loss po-
tential when manure application rates are N-based, as
total and soluble manure P additions are both gener-
ally lower from phytase diets under this scenario.
However, when manure application rates are P-based,
P loss potential may be greater when manure from a
phytase diet is applied compared to a standard diet.
The primary reasons for this increased risk of P loss
are 1) our lack of knowledge about the true non-phy-
tate P replacement value of phytase in various diets,
and 2) our lack of willingness to feed at the true
available P needs of the animal. When diets includ-
ing phytase are developed with a relatively large
safety margin, greater amounts of manure WSP can
be generated, and this P can be readily lost to surface
waters, especially when manure is applied on the soil
surface just prior to a runoff inducing precipitation
event. However, since most states encourage or allow
manure to be applied on a N rate basis, with P rate
limits managed by the frequency of manure applica-
tion, the risk of increased P loss as a result of phytase
use likely will be limited.
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Summary

The pig’s dlet has a significant impact on the types and amounts of nutrients excreted and consequently
the precursors of gas and odor emissions. Modifying the pig’s diet can alter these gaseous emissions and im-
pact air quality. Examples are presented on manipulating the pig’s diet to alter nutrient excretion, emissions
of ammonia, hydrogen sulfide and other volatile sulfide compounds, selected volatile organic compounds and
other odorants, and the olfactometry responses to these dietary changes. Reducing the crude protein level and
supplementing with synthetic amino acids; addition of low levels (<10%) of fermentable nonstarch polysac-
charides; and the addition of feed additives that alter pH have promise of reducing odors and gaseous emis-
sions. Additional research is needed to determine the impact of sources of protein, fermentable carbohydrates,
and their ratio in the diets to minimize excretion of gas and odorous compounds. Manipulation of the micro-
flora in the pig’s digestive tract shows indication of some influence on gas emissions, however, research in
this area has not received as much attention. Techniques to increase the availability and retention of nutrients
can reduce excretions of compounds commonly causing gas emissions. Research to fine-tune these altered di-
ets with dlffercnt genetic lines under commercial production conditions is needed to assure consistent results

and for encouraging implementation. Economics is still a major issue deten:mmng if certain manipulation

technologies will be adopted.

Introduction

Manure is primarily 2 mixture of urine and feces
excreted from pigs that contains undigested dietary
components, endogenous end products, excreted
excess absorbed nutrients, and indigenous bacteria
from the lower gastrointestinal fract (GIT) of the pig.
Manure contains a variety of organic compounds,
complex to simple in nature, inorganic compounds,
and potentially feed additives depending upon the
makeup of the diet. Immediately after excretion and
during extensive storage, anaerobic microbial degra-
dation of manure often creates gaseous emissions and
often.times offensive odors, which have a negative
impact on air quality. Numerous compounds (rang-
ing from 160 to more than 400) have been identified
from the anaerobic degradation of livestock manures.
They have been generally grouped as volatile amines,
sulfides, disulfides, organic acids, phenols, alcohols,
carbonyls, nitrogen heterocycles, esters, fixed gases
and mercaptans (Miner, 1975). In a review, Le, et al,,
(2004) grouped the volatile compounds in 4 groups

based upon the onigin. The groups were sulfurous
compounds; indoles and phenols; volatile fatty acids
(VFA); and ammonia and volatile amines. '

Volatile fatty acids are predominantly acetic acid
(60%) with propionic, butyric, (n-butyric), 2-methyl
propionic (isobutyric), 3-methylbutyric (isovaleric),
pentanoic (n-valeric) and capric acids in the order
of decreasing concentrations. Much of the VFA
come from the conversion of a multitude of ferment-
able carbohydrates (predominaatly fiber fractions)
and protein residues by indigenous bacteria in the
large intestine and manure under anaerobic condi-
tions. Common carbohydrate sources are cellulose,
hemicellulose, non-starch polysaccharides and lignin
(Le, et al., 2004). Straight-chain VFAs are produced
from carbohydrate metabolism. In addition, acetic,
propionic and butyric acids are produced from the
deamination of amino acids such a L-glutamate, L-ly-
sine and L-alanine (Le, et al., 2004). Branched chain

VFA isovaleric acid and isobutyric acid can originate

from the breakdown of peptides. Peptolytic bacteria
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hydrolyze proteins into amino acids and the amino
acids are deaminated and decarboxylated to the
branch chain VFA. These VFA can be absorbed in
the large intestine and contribute as an energy source
for the pig.

Phenols, p-cresol, 3-methyl phenol (m-cresol)
and 4-ethyl-phenol are predominant phenolic com-
pounds and skatole and indole are the predominant
indolic compounds commonly found in ventilation
air from pig buildings (Le, et al., 2004). Most of
the phenolic compounds are from the degradation of
proteins. Key amino acids responsible for phenolic
compounds are L-tyrosine. Indolic compounds are
a result of microbial fermentation of L-tryptophan.
Indolic and phenolic compound excretion can be di-
rectly from feces after the conversion of amino acids
or.indirectly from urine after the liver detoxifics the
compounds by conjugation with glucuronic acid to
form glucuronides. ‘After excretion, B-glucuronidase
present in feces will liberate the phenols and indoles
in the manure mixture.

Sulfurous compounds can be produced from sul-
fate reduction and the metabolism of sulfur contain-
ing amino acids. Methionine, cysteine and cystine
can be broken down to release sulfide compounds,
When energy is limited, anaerobic bacteria can utilize
these sulfur containing amino acids as a carbon and
energy source. If sulfates are present, bacteria may
use the sulfate as an electron donor for anaerobic
respiration or if there is excess S, biosynthesis of
cysteine and methionine can occur. This respiration
process can create significant amounts of odor (Le,
et al., 2004). In addition, hydrogen sulfide can be
transformed to many other sulfide compounds (i.e.,
carbon disulfide, carbonyl sulfide) which can create
distinct pungent odors.

The release of ammonia (NH,) and volatile
amines are the primary volatile nitrogenous com-
pounds released from manure. Ammonia is the result
of the deamination of amino acids when proteins are
used as an energy source and the release of ammonia
(NH,) in the urine from the-enzymatic conversion
of urea by urease from the manure, which can occur
within a short time after excretion. Volatile amines
are created from the decarboxylation of amino acids .
and from the amination of aldehydes and demethyl-
ation of choline in the urine (Le, et al., 2004). Am-
monia and sulfides can form in the atmosphere to
create particulates which can be precipitated on the
landscape in the form of ammonium sulfate and is
considered as one of the compounds responsible for

acid rain. Concern with acid rain includes the acidifi-

_ cation of soils and the defoliate problem of plants.

Other gas emissions from swine production
that are not odorous but can affect the atmosphere
as greenhouse gases include methane and carbon
dioxide. Methane is from anaerobic fermentation of
carbohydrates and is commonly produced from ma-
nure storage systems. Carbon dioxide is from animal
respiration and the decarboxylation of carbohydrates
and proteins. Nitrous oxides are also contributors to
the greenhouse gas problem, however, there is virtu-
ally no existence of nitrous oxides measured from pig

~ buildings, however, the precursors of nitrous oxides

(nitrogen compounds), which are numerous, can be
converted to NO_ in certain situations.

Hobbs, et al. (1995) identified fifteen specific
volatile organic compounds (VOC) as primary
odor causing compounds from manures with avail-
able odor thresholds shown in Table 1. O’Neill and
Phillips (1992) listed thirty compounds out of 168
compounds identified with an odor detection thresh-
old of 1 pg/m? or less. The sensitivity of individual -
compounds by olfactometry threshold detection var-
ies widely. In general, sulfur-containing compounds
are among the group of lowest detection thresholds
from manure. A major challenge for identifying
specific odorous compounds from manures is that
analytically derived gas concentrations and olfactom-
etry measurements are not highly related (Gralapp,
et. al, 2001; Van Kempen, et al., 2002). Methods that
have been tested are GC-MS, electronic nose, scen-
tometers, diffusion tubes, Fourier transform infrared
spectrometry (FTIR) and olfactometry with the FTIR
showing the most promise (Gralapp, et. al, 2001; Van
Kempen, ef al., 2002). Moreover, there are con-
founding effects of mixtures of different compounds
on olfactometry detection. Some VOC can change
chemical form, thus, precise analytical detection and
quantification of air samples is also a challenge. A
National Research Council Ad Hoc Committee on
Air Emissions from Animal Feeding Operations
determined that there is insufficient standardiza-
tion of methodology for measurement of air quality
pollutants from animal production operations and a
lack of baseline data to be able to establish air quality
standards for animal agriculture (NRC, 2003). Asa

~ result, a major research effort is underway to correct

this deficiency.

Since the emission of volatile compounds to the
air is directly related to the composition of nutrients
from the diet that the bacteria have available, the



conditions at the time of microbial metabolism and
the types of microorganisms during the degradation
process, three basic approaches have been suggested
for controlling gas emissions from animal produc-
tion operations. One approach is to provide the
pig, as closely as possible, with essential available
nutrients based upon its genetic potential for lean
tissue deposition and stage of growth, so that nutrient
excretion 1s minimal and a lower potential for creat-
ing compounds responsible for gas emissions and
odor production. Another concept is to manipulate
the bacteria in the GIT of the pig by inhibiting certain

microbial groups or altering the fermentation patterns.

of existing bacteria through diet manipulation, thus,
controlling some gaseous emissions and odorous end
products. Finally, changing the physical character-
 istics of urine and feces by diet manipulation may
change conditions to inhibit some gas emissions.

Improving Feed Efficiency.

Any management practice that improves the
overall efficiency of feed utilization in a swine berd
will generally reduce the total amount of manure
produced, should reduce nutrient excretion and po-
tentially the precursors of volatile producing com-
pounds. Using growth promoters such as antibiofics,
P-agonists, and maintaining a high health status are
examples of how one can improve feed conversion
efficiency and reduce nutrient excretion. Use of ther-
apeutic levels of feed grade antibiotics can improve
feed efficiency from 5 to 15% and have reduced
some isolated odor compounds (p-cresol; skatole).
Copper sulfate addition to the diet has been shown

“to improve feed efficiency of 5 to 10% and has been
shown to potentially reduce odors (Armstrong, et al.,

'2000.

Two expeniments were conducted with crossbred
barrows (Initial BW=84 kg) comparing the effects of
a control com-soybean meal diet and low crude pro-
tein diets with and without a B-agonist, ractopamine

{RAC), on N and P retention and excretion, and gas
and odor emissions (Sutton, et al, 2001). The four -

:dietary treatments tested were: 1) 13.8% CP, 0.8%

. Lys., control; 2) 16.1% CP, 1.1% Lys.; 3) 16.1% CP,
1.1% Lys. + 20 ppm RAC; and 4) 13.8% CP, 1.1%
Lys. + 20 ppm RAC. Synthetic amino acids added
to the diets were (Diet 1) L-lysine-HCI (0.17%);

- {Diets 2 and 3) L-lysine-HCI (0.38%), DL-methio-

nine (0.06%), L-threonine (0.12%) and L-tryptophan
0.01%); and (Diet 4) L-lysine-HCI (0.62%), DL-
methionine (0.10%), L-threonine (0.23%), L-tryp-
tophan {0.05%), L-isoleucine (0.11%) and L-valine
(0.15%). Averaged across both experiments (Tables 2
and 3), the 16.1% CP diet with RAC decreased total
N excretion by 10.7% or 2.49 g/d (P <0.05) and total
manure output by 3.9% or 149 g/day. The low crude
protein diet (13.8%) with RAC further decreased N
excretion by 34.2% or 7.65 g/d (P<0.05). Shurry am-
monium N (Table 4) was reduced 8-21% and 21-47%
(P<0.05) from pigs fed RAC at 16.1% and 13.8%
dietary CP, respectively, compared to stmilar CP diets
without RAC. Total VFA production (Table 5) was
higher (P<0.05) for the 16.1% CP diet with no RAC
compared to the diets with RAC and was 21%, 28%
and 23% higher (P<0.05) at d 17, 35 and 64 of the
trial, respectively, than the 13.8% CP diet + RAC.
Olfactometry results (Table 6) indicated a detection
threshold 51% higher (P<0.05) for the 16.1% CP diet
without RAC compared to the 13.8% CP diet without
RAC atd 64. This indicated that a 13.8% CP diet +
20 ppm RAC could significantly decrease slurry am-
monium N and VFA production in stored manure to
help reduce ammonia and odor emissions. Research
has not been conducted with RAC at lower inclusion
levels in the pig’s diet and with commercial type set-
tings. _ -

Other feed management practices that enhances
feed efficiency and reduces nutrient excretion are:
fine grinding, pelleting and other feed process-
ing techniques, reduced feed wastage, dividing the
growth period into more phases (phase feeding)
with less spread in weight between groups allows
producers to more closely meet the pig’s protein and
other nutrient requirements, and split-sex feeding -
to meet the specific requirements of gender (Lewis
and Southern, 2001). However, the effects of these
management technologies on gas emissions have not
been investigated. ' :

Ofien, a safety margin for diet ingredients is al-
lowed so that variability of utrients in feed ingredi-
ents and variation in pig biological responses can be
reduced. Formulating the diets to meet the protein/
amino acid requirements of pigs (National Research
Council; NRC, 1998) without excessive levels

. above the requirements, however, is critical. Feed-

ing excessive protein levels is not only wasteful and
expensive, but it results in excessive N excretion and
increased amumeonia emission (Sutton, et al., 1999).
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Nitrogen Manipulation

Fecal N arises from undigested dietary protein,
intestinal secretions (mucin, enzymes, etc.), sloughed
intestinal cells, and intestinal bacteria. Urnary N,
largely in the form of urea, anises from the break-
down of absorbed dietary amino acids that are in
excess of the amounts needed for lean tissue protein
synthesis, and from the normal breakdown/turnover -
of body tissue proteins. Typical commercial diets are
com/soybean meal based and do not contain optimal
ratios or availabilities of amino acids for lean tissue
protein synthesis and maintenance. Consequently, in-
tact protein sources are added to the diet to meet the
most limiting amino acid (usually lysine) but other
amino acids are in excess. The excess amino acids
are used for energy and the N is excreted as urea in
the urine. Today, if economics will allow, nutrition-
ists are formuiating swine feeds on an “ideal protein”
basis using synthetic amino acids where the avail-
able amino acid concentrations can be added to more

closely match those needed by the pig for lean tissue

protein synthesis and maintenance.

Several studies in Europe and the US have shown
that with a 1% reduction in the crude protein of a pig

. diet and supplementation with limiting synthetic ami- -

1o acids will reduce aznmonia emission into the air
by 8 to 12% {Kerr and Easter, 1995; Kendall, et al.,’

1998; Sutton, et al., 1999). Practical feeding studies .

with CP levels reduced from 19% to 13% resulted in
a 47% to 59% reduced NH, emissions from building
air. This reduction in dietary N also reduced manure
odors by 40 to 86% and decreased p-cresol by 43%
(Hobbs et al,, 1996). Turner, et al., (1996), showed
reduced ammonia emissions from manure in a pilot
study of 79% by reducing the dietary CP level in the
feed from 16% to 12% plus synthetic amino acids
during the growing phase and of 58% when reducing
the dietary CP level in feed from 14% to 10% plus
synthetic amino acids during the finishing phase. Us-
ing model pits, Otto, et al., (2003) showed a decrease
in ammonia emissions when reducing the CP content
of the semi-synthetic diets from 15% to 0%. Howev-
er, there was an increase in fecal VFA concentrations
but not phenols in urine and there was no change in
odor offensiveness when the CP contents of the diets
were reduced.

Kendall, et al., (1998) fed a reduced crude pro-
tein (RCP} (12.2% CP) corn-soy diet with synthetic

- lysine (0.41%), methionine (0.013%), tryptophan

(0.03%), and threonine (0.039%) to 27 kg pigs for
nine weeks and compared to pigs fed a high crude

protein (HCP) corm-soy diet (16.7% CP). Slurry ma-
nure contents had a fower pH (.4 units), lower total

N (40%) and lower ammonium N (20%) from pigs
fed the RCP diet compared to the slurry manure from
pigs fed the HCP diet (Table 7). A 40% reduction of
aenial ammonia and hydrogen sulfide occurred in the -
rooms housing the RCP pigs (Table 8). In addition,
total odors were reduced by 30% based upon olfac-
tometry analysis of room air. However, growth rate.
and feed efficiency of the pigs fed the RCP diet was
reduced by 4 to 5% compared to the pigs fed the HCP
diet. Back fat depth was also increased slightly (0.13
cmy) in the pigs fed the RCP diet.

In another research study, (Kendall, et al., 1999),-
10% soybean hulls were added to the reduced crude
protein (RCPF) diet and compared to the normal

- crude protein (HCP) diet. In this study, 60 kg pigs

were fed either a HCP diet (12.4% CP) or a RCPF
diet (9.7% CP) with fiber. The RCPF diet was sup-
plemented with 0.372% lysine, 0.005% tryptophan
and 0.042% threonine. As in the previous study,

the shurry manure contents were decreased in pH (.3
units), total N (23%) and ammonium N (29%). Am-
monia N was decreased by 40% and hydrogen sulfide
was reduced by 26.5% in the air of the room housing
the pigs fed the RCPF diet with fiber compared to the
room housing the pigs fed the HCP diet (Table 9). In
two replicate trials, the pig growths were similar be-
tween the two diets. In two additional replicate trials,
pigs fed the HCP diets gained faster than the pigs fed
the RCPF diet, principally related to feed intake be-
ing reduced by 6% in pigs fed the RCPF diet. How-
ever, in a subsequent study, when additional synthetic
amino actds were added to the diet, gilts performed
similar to those gilts fed the HCP diet including car-
cass quality and yield. This indicates that there may
have been too great of a dietary reduction in amino
acids in the previous trials.

A group feeding experiment was conducted by
Hill, et al, (2001) with 200 grow-finish pigs (initial
BW=92.3 kg) to further evaluate dietary CP reduction
of swine diets to reduce aerial pollutants and nutri-
ent excretion. The diets consisted of either a control,
com-soybean diet (13.1% CP, 0.52% true ileal digest-
tble lysine for the barrows and 14.2% CP, 0.59% true
ileal digestible lysine for the gilts) or a reduced CP
diet with supplemental synthetic amino acids (9.7%
CP, 0.52% true ileal digestible lysine for the barrows
and 10.6% CP, 0.59% true ileal digestible lysine for
the gilts). Aerial ammonia concentration, hydrogen
sulfide, and detection threshold of odor samples were



taken at wk 2 and 4 from both room and exhaust

air. Pigs fed control or low crude protein diets had
similar overall average daily gain (790 vs. 784 g/d),
overall gain:feed (0.304 vs. 0.297), and average daily
feed intake (2601 vs. 2649 g/d). Pigs fed low CP diet
had greater wk 4 loin depth (57 vs. 55 mm; P<0.09),
numerically higher backfat thickness (17.9 vs. 16.9
rom}-and greater total loin depth increase (5.0 vs. 3.1
min; P<00.02). By wk 4, there was a 60.4% reduction
in aerial ammonia concentration (P<0.04) from room
air and 52.2% reduction in the exbaust air ammonia
‘concentration (13.4 vs 28.1 ppm; P<0.0003) when -
pigs were fed low CP diets. At wk 4, the stored
manure from pigs fed low CP diets had 29.8% less
total N (P< 0.0001), 30.6% lower ammonium N
(P<0.0001), 35.8% less total N accumulation in the
manure (P<0.01), and a lower manure pH (7.25 vs.
. 7.61; P<0.0001). It is clear from these studies that
amino acid balanced (correct ratios and concentra-
tions) diets with lower intact CP levels are effective
at reducing aerial ammonia, maoure N, and manure
pH. In addition, if adequate amino acid levels are in-
cluded in the diet, growth performance is comparable
to a diet without synthetic amino acids.

Fermentable Carbohydrate

The types and amounts of fermentable carbo-
hydrates in the pig’s diet influences the emissions -
of VFA, ammonia and indolic compounds. One can
reduce the emission of ammonia by altering the ratio
of N excretion in urine and feces with the addition of
fermentable carbohydrates, Complex carbohydrates
such as f-glucans, and other non-starch polysaccha-
rides (NSP) can influence endogenous N excretion at
the terminal ileum and enhance microbial fermenta-
tion in the large colon resulting in increased bacte-
rial protein production. Microbial metabolism and
production is enhanced through providing more en-
ergy to the bacteria and using available N for protein
synthesis, which will reduce the N excretion in urine

-as urea and shifting the N excretion more into the fe-

ces in the form of bacterial protein. The end result is
that ammonia volatilization is reduced and the pH of
the urine reduced because less urea is being excreted..
Examples are manure from pigs fed sugar beet pulp
and soybean hulls in the pig’s diet reduced ammonia
emissions, pH of urine, feces and shurry, and changed
the relative level of N excretion in feces and urine.

Growing barrows were fed low CP diets with

synthetic amino acids and two sources of fiber to
determine odors and nutrients from fresh manure and

manure stored in model anaerobic manure storage
systems (Hankins, et al., 1998). Dietary treatments

~included: (1) Diet I: a standard 15% crude protein

corn-s0y diet with 0.75% total lysine; (2) Diet II: a
11% crude protein com-soy diet with 0.39% crys-
talline lysine (0.76% total Lys), 0.05% methionine
(0.25% total Met), 0.05% tryptophan (0.15% total
Trp) and 0.11% threonine (0.51% total Thr) added;
(3) Diet III: Diet I1 with 10% soybean hulls (SH), or
{4) Diet IV: Diet If with 10% dried sugar beet pulp .
(SBP). -

The lower CP diet with and without the addition

of fiber reduced the pH of fresh manure (Table 10).

Ammonia N in fresh manure was decreased 31%,
55% and 47% with the lower CP, lower CP plus SH
or drted SBP diets, respectively. There was 35%
less ammonia N excretion in fresh manure when the
reduced CP diet was fed with SH as a fiber source as
compared to the reduced CP diet alone. . There was

a 38%, 50% and 42% reduction in total N excretion
in fresh manure with the lower CP, the lower CP
plus soybean hulls and the lower CP plus dried SBP
diets, respectively. There were no significant effect
on VFA in fresh manure; however, there was a trend
towards more acetic acid and total VFA production in
fresh manure when fiber was added to the diet (Table

- 11). Similar responses were observed in a similar

companion study with SH and SBP by Shriver, et al.
(2002). C

Similar treatment effects were observed with
anaerobically stored manure. There was a significant

reduction in ammonia and total N with the lower CP .

diet and synthetic amino acids either alone (37% and
26% reduction for ammonia and 40% to 29% reduc-
tton for total N on a wet and DMB, respectively) or
with 10% soybean hulls (41% and 39% reduction for
ammonia and 34 % and 32% reduction for total N
on a wet and DMB, respectively) or 10% dried SBP
(62% and 64% reduction for ammonia and 43 % and

46% reduction for total N on a wet and DMB, respec-

tively) (Table 10). In addition, on a dry matter basis,
SBP further reduced ammonia N compared to the
other treatments. VFA tended to be lower in stored
manure from pigs fed the SBP diet compared to the
other diets (Table 11). The addition of SH and SBP
reduced benzene, dimethyl disulfide, 2,2-dimethyl
hexane and hexane in stored manure. The lower CP
diet also reduced the previously stated VOC in stored
manure as well as methyl pentane.

In 2 group feeding study, 150 grow-finish pigs
(initial BW=85.3 kg) were used to evaluate the inclu-

93



94

sion of soybean hulls in swine diets to reduce aerial
pollutants and alter manure composition (DeCamp, et
al, 2001). Diets were split-sex fed and consisted of
either a corn-soybean meal based control (C) or the
control diet with the addition of 10% soybean hulls
(SH) and 3.4% supplemental fat (all diets=3370 Kcal
ME/kg; barrows 12.0% CP, 0.53% dLys; gilts 12.7%
CP, 0.57% dLys).

Pigs fed SH diets had greater overall ADG (905
vs 859 g/d; P<0.03) and tended to have higher G:
F (0.326 vs 0.310; P<0.09) with no difference in
ADFI. Pigs fed SH had greater adjusted backfat (113
kg BW) at wk 6 (15.8 vs 14.7 mum; P<0.001) than C
pigs. There was a 20% reduction in aerial ammonia
concentrations (P<0.02), a 32% reduction in hydro-
gen sulfide (P<0.003) and an 11% reduction in odor
detection threshold when pigs were fed SH diets. In-

dividual manure VFA concentrations were increased, -

with total manure VFA concentrations increasing

by 32% (P<0.001) when pigs were fed SH (Table
13). The stored manure from pigs fed SH diets had
21% greater total N {22.5 vs 18.6 kg; P<0.02), an 8%
mcrease in ammonium N (18.3 vs 16.9 kg; P<0.05)
and a decreased manure pH (7.12 vs 7.26; P<0.03)
(Table 14). This increased manure N should be in a
more stable microbial protein form with less volatile
emissions and provide a reduced environmental run-
off potential. However, the impact was greater when
low CP and synthetic amino acid diets included fiber
versus no CP reduction.

Shurson et al. (1999) stated that feeding nursery
pigs can potentially reduce hydrogen sulfide and oth-
er odors from nursery facilities. In an attempt to use
a combination of several dietary techniques, Kendall,
et al. (2001) conducted a study with one-hundred
and eighty grow-finish pigs. In the first experiment,

- diets consisted of either a control (C), com-soybean

diet (11.5% CP, 0.60% Lysine; Lys) or a reduced CP
diet formulated with high-available phosphorus com,
272 units of phytase, 5% soybean hulls and a reduced
mineral sulfate trace mineral premix (8.25% CP,
0.57% Lys; HRP) with supplemental synthetic amino
acids. In the second experiment, barrows were fed
the same diets as the first experiment, but two addi-
tional diets were formulated for gilts; control (12.6%
CP, 0.63% Lys) and HRP (9.35% CP, 0.60% Lys)
with supplemental synthetic amino acids. All diets
were isocaloric and equal in digestible Lys. Pigs fed
control diets in the first experiment were heavier, had
higher average daily gain (824 vs. 735 g/d; P<0.004),
were more efficient, had greater loin depths at week

6, and less accumulation of backfat. In contrast,

the pigs fed control diets in the second experiment
were nearly identical to pigs fed HRP diets in every
respect. By week 6, there was a 48.7% reduction in
aerial ammonia concentrations (P<0.03) from room
air and 49.8% reduction in the exhaust air (P<0.04)
for pigs fed HRP diets. Hydrogen sulfide levels were
48% lower and detention threshold was 37% lower
at week 6 in room air where HRP diets were fed. At
week 6, the stored manure from pigs fed RCP diets
had 26.9% less total-N, 29.5% lower ammonium-N,
51.7% less excreted P and had a lower pH. The ma-
nipulation of the HRP diet was successful at reducing
aerial amronia concentrations, bydrogen sulfide,
detection threshold, manure N, P and pH with com-
parable performance in the pigs as long as adequate
amino acid levels were included in the diet.

Hankins, et al., (2001) combined several diet
strategies together in ap attempt to reduce nutrient
excretions and ammonia emissions from growing
pigs. A standard 13.1% CP corn-soybean meal based
diet with 0.23% available P {CTL) was compared to
a 11.5% CP diet with 0.15% lysine-HCI and 0.26%
available P (AA) and an 8.25% CP diet with 5%
soybean hulls, high available com (HAP), 0.05%
phytase, reduced mineral sulfates, 0.40% Iysine-HCl
and 9.16% available P (HRP). Total N excretion was
reduced by 37% and 55% for the AA and HRP diets,
respectively. Total P excretion was reduced by 63%
with the HRP diet with the water soluble P reduced
by 41%. During manure storage, manure shury from
the HRP fed pigs increased VFA by 41% and 37%
at d 28 and 43 of the trial, respectively. Ammonia-
emissions were reduced by 15.5% and 63.2% with
the AA and HRP diets, respectively compared to CTL
at d 28 and reduced by 11.9% and 59.7% with the AA. -
and HRP, respectively compared to CTL at d 43 of
the trial. - '

Microbial Manipulation

Attempts have been made to isolate and identify
the microbial populations in the digestive systems
of pigs that control or are involved in the creation
of odors. Reviews by Mackie, et al., 1998 and Le, et
al., 2004 have summarized known bacterial species
capable of inhabiting the GIT of pigs and their role in )
gas and odor emissions. A few examples of means to
alter microbial fermentation patterns and populations
are illustrated here. Mackie, et al., (1998) stated that
the bacterial genera involved with deamination of



amino acids were Bactervides, Prevotella, Selenomo-
nas, Butyrivibrio, Lachnospira, FEubactreium, Fu-
sobacterium, Clostridium, I:eptostreptococcus, and
Acidaminococcus. The production of indoles and
phenols was primarily from microbial metabolism of
amino acids. Ward et al. {1987) isolated an obligate
anaerobe of the Lactobacillus sp. that decaboxyl-
ated p-hydroxyphenylacetic acid to 4-methylphenol
(p-cresol) in swine feces. Yokoyama and Carison,
.(1979) reported that several Clostridia sp., E. coli
- and Bacteroides thetaiotaomicron can be involved
with indole and skatole production. Compounds
such as oligosaccharides (fructooligosaccharides,
. mannoligosaccharides, sucrose thermal oligosaccha-
~ride carmel, inulin, arabinogalactan, galactan), dairy
byproducts (lactulose, lactitol, lactose, whey), and
organic acids (propionic, fumaric, citric) have been
~ added to manipulate the microflora populations.
Fructooligosaccharides have been shown to alter
VFA pattems in the lower GIT (reduce proportion
of acetate and increase the proportion of propio-
pate), reduce total aerobes, predominantly coliforms,
increase bifidobacteria (Houdijk et al., 1999) and
- reduce odorous compounds from swine manure
(Hidaka et al., 1986). Inulin fed at 5% a corn-soy-
bean meal base diet to 30 kg pigs did not affect fecal
excretion of VFA, ammonia, total volatile sulfides,
p-cresol and indole (Rideout, et al., 2004). However,
inulin in the pig’s diet did reduce skatole concentra-
tions in feces. In earlier work, antibiotics {chlor- -
tetracycline, sulfamethazine, penicillin} fed to pigs
reduced urinary excretion of p-cresol (Yokoyama et
al., 1982). Lincomycin sulfate did not affect p-cresol
excretion. Recent work by Japanese researchers, have
-shown that tea polypheonols in swine diets lowered

the production of ammonia, phenol, p-cresol, ethyl-

phenol, indole and skatole in swine feces (Terada et
al., 1993). Also, the tea polypheonols were shown to
significantly reduce certain pathogenic species (M-
coplasma pneumonia, Staphylococcus aureus, and
Clostridium perfringens; Hara and Ishlgalm 1989;
Chosa et al., 1992).

Physical Characteristics

Several studies have been conducted showing
the effects of reducing the pH of manure and am-
monia emission by adjusting the dietary electrolyte
balance, reducing urea excretion or increased volatile
fatty acid production. Canh et al. (1997) showed
that increasing the NSP content and decreasing the

electrolyte balance (dEB) of the diet reduced the

pH of pig slurry. Inclusion of 30% sugar beet pulp
{with 31.2% NSP) reduced the pH of slurry by 0.44
to 1.13 pH units lower than a by-product diet (with
18.2% NSP), grain-based diet {(with 13.8% NSP) and
a tapioca-based diet (with 13.5% NSP). The de-
creased dietary electrolyte balance (expressed as mEq
Na + K - Cl) in the diet reduced the pH of urine and
subsequent shurry. Canh et al. (1996) and Mroz et al.
(1996) showed that dietary calcium salts and elec-
trolyte balance significantly influenced urinary pH
and subsequent pH and ammonia emission from pig
shurry. Mroz et al. (1997) showed that increasing the
levels of calcium benzoate (2, 4, 8 g/kg feed) in the
diet of sows significantly reduced pH of urine from
7.7 to 5.5 and reduced ammonia emissions up to 53%.
In nursery diets, Colina et al. (2001} observed a sig-
nificant reduction in ammonia emissions in the rooms
housing nursery pigs. However, feed intakes were
lowered and performance was depressed when 1.96%
calcium chloride was added to the diet. Van Kempen
et al. (2001) showed the benefits of using adipic acid
in pig diets to reduce pH and ammeonia emissions but
did not improve lysine utilization in the pig.
Bentonite and zeolite materials have been tested
to bind ammonia in manure and reduce release of
ammonia to the atmosphere. Kreiger et al. (1993) did
not find any affect of feeding a naturally processed
clinoptilolite on ammonia emissions from swine ma-
nure. Pilot studies in Canada showed a 21% reduc-
tion in ammeonia N in the room of pigs fed 5% zeolite
(tektosilicate). Zeolites can also absorb phenols.
However, when these products are fed to the pig there
has been little effect on manure oder. Sarsaponin ex-
tracts from the Yucca schidigera plant has been incor-
porated in the pig’s diet as a growth promotant and to
reduce ammonia emission from manure. Ammonia
emission was significantly suppressed by 55.5% in
fresh manure tested in an incubation trial from pigs
fed the sarsaponin extract. However, Kemme et al.
(1993) conducted incubation trials with manure and

did not verify the same response to ammonia inhibi-

tion and found that 6000 mg/kg of the extract was
necessary for maximal suppression of ammonia from
urea. Recent work by Colina et al. (2001) bas shown
that addition of Yucca schidigera to nursery pig diets
reduced ammonia emissions in nursery rooms.

Geisting and Easter (1986) summarized stud-

'ies incorporating organic acids (citric, hydrochloric,

proptonic, fumaric, and sulfuric) at dietary levels of
1 to 4% showing variable results in pH effects on
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digesta and growth effects on swine. Risely et al.
(1992) also showed that addition of fumaric or citric
acids (1.5%) had very little effect on pH, volatile
fatty acids, or chlorine concentrations of intestinal
contents of swine. There has been very litile research
on the effects of organic and i morgamc acids on gas
and odor emissions:

implications

Modifying the pig’s diet to reduce gas emissions
and odors is feasible and practical. Reducing the
crude protein level and supplementing with syn-
thetic amino acids, addition of low levels (<10%) of
fermentable nonstarch polysaccharides, and addition
of pH and buffering feed ingredients have promise.
Feed management practices of formulating diets to
meet the lean tissue accretion levels of the specific
genetic lines, phase feeding, split-sex feeding and
minimizing feed wastage will assist in reducing nutri-
ent excretions. Manipulation of the microflora in the
pig’s digestive tract shows indication of some influ-
ence on gas emissions; however, work in this area has
not received as much research attention. Techniques
to increase the availability and retention of nutrients
can reduce excretions of compounds commonly
causing odors. Implementation of several of these
technologies and practices often in combinations
have the potential of reducing ammonia and hydro-
gen sulfide emissions by 30 to 50% and reduce odors
by 30% at very little cost to the producer. Research
to fine-tune these altered diets with different genetic
lines under commercial production conditions is
needed to assure consistent results and for encourag-
ing implementation. Economics is still a major issue
determining if certain mampulatlon technologies will
be adopted.
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Table 1. Odour detection thresholds for odorants present in pig siurrya

Odour detection threshold

Compound (mgm>)
- Acetic acid 25-10,000
Propanoic acid 3-890
“Butanoic 4-3000
3-Methyl butanoic acid 5
Pentanoic acid 8-70
Phenol 22-4000
- 4-Methy! phenol 22-35
Indole 6
3-Methyl indole 4-8
Methanethiol 5
Dimethy! sulfide 2-30
Dimethyl disuifide 3-14
Dimethy! trisulfide 7.3
Hydrogen sulfide .1-180
* Hobbs, et al. (1997)
Table 2. Nitrogen Excretion (Trial 1) .
Dietary CP 13.8% CP 16.1% CP
- + - + CV
Ractopamine, 20 ppm _
Water Intake, mL 4800 | 4800 4800 4800 -
Feed Intake, g/d 2200 2200 2200 2200 -
Feces, g/d, as is 485 | 654 578° 609° |62
“I Urine, mL/d, as is 3040° 2622° 3038° 2690° 6.3
Manure, g/d as is 3525% 3276° 3616 3299® |54
N, % digested ' 88.4 88.5 88.7 88.9 1.8
1 P, % digested 58.9 56.7 51.3 53.7 10.4
™ _ _
Intake, g/d * 49.8 52.6 59.1 59.1 0
Feces, g/d 5.8 6.0 |16.6 6.5 13.9
Urine, g/d 18.8* 9.8" 23.5° 14.4¢ 14.8
Total N excreted, g/d 24.6° 15.8° 130.1° 21.0¢ 9.4
Retained, g/d 25.2° 36.7° 28.9° 38.1° 6.7.

" No Covariates used
* Intakes calculated from analyzed dietary N and P values.
*%<¢ Means with different superscripts differ by P<0,05.
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Table 3. Nitrogen Excretion (Trial 2)"

Dietary CP 13.8% CP 16.1% CP
- + - + (%
Ractopamine, 20 ppm
Water Intake, mL 5600 5600 5600 5600 -
Feed Intake, g/d 2100 2100 2100 2100 -
Feces, g/d, as is 473.5 4344 . 465.6 458.9 11.9
Urine, mL/d, as is 3650.3 3661.7 3722.7 35929 |56
Manure, g/d as is | 4124 4096 4188 4052 5.1
N, % digested 83.8 90.8 90.9 90.5 1.4
P, % digested 55.4 57.5 55.6 58.2 95
N .
Intake, g/d * 47.56 50.19 56.39 56.38 -
Feces, g/d 5.49 4.59 5.17 5.24 12.1
Urine, g/d 14.6" 9.03° 18.0° 13.7° 9.8
Total N excreted, g/d 20.1° 13.6° 23.2* 18.9° 6.2
Retained, g/d 29.1° 36.1° 33.9° 36.2° 35
" No Covaniates used
* Intakes calculated from analyzed dietary N and P values.
*b Means with different superscripts differ by P<0.05.
Table 4. Total Slurry Ammonium Nitrogen (Trial 1)
Ammonium N, ppm
Dietary CP ' Ractopamine,
20 ppm do’ d17 d3s5 d 64
13.8% - 5063° 4612° 4279 3745°
16.1% - 6144° 5976° 5091° 4933°
16.1% + 4170° 4218° 3390° 3453%¢
13.8% + 2706° 3004° 26919 2954°
cv 11.98 7.06 10.67 11.07

_im Differing superscripts within a colmnn indicate significance at P<0.05.
* Day of slurry incubation trial.




Table 5. Slurry Total Volatile Fatty Acid Content {Trial 1)

Volatile Fatty Acids, mmol/L
Dietary CP | Ractopamire, _

20 ppm D ¢! d17 d 35 d 64
13.8% - 5332 |10552% | 893 82.26°°
16.1% - 54.74 118.13° 101.8° 91.33°
16.1% + 61.97 101.13 % 79.1% 72:05°
13.8% + 4635 93.02° 73.6° 70.27°
5% 8.26 12.44 12.30 16.08

*** Differing superscripts within a column indicate significance at P<0.05.
! Day of slurty incubation trial

Table 6. Odor Detection (DT) and Recognition (RT) Levels (Trial 1)

d o d17 d 35 d 64
Dietary | RAC, -
Cp 20 ppo | DT RT DT RT DT RT DT RT
13.8% | - 3697% | 2041* | 1874 | 1060° | 1869* | 1156® | 1005° | 573°
16.1% - 37532 2036* § 11151 567° | 2942° | 1688" | 2053° | 1204°
16.1% + 35742 | 1975% { 2052 | 1224° | 2727°¢ | 1587°% | 1076* | 587"
13.8% + 13213*] 1675% | 1923* | 1139 | 4235° | 2480° | 1055* | 587°
| 5% 58311 61.97 1 7552} 8234 | 71.69 | 66.82 | 65.66 | 78.38

**¢ Differing superscripts within a column indicate significance at P<0.05.

DT=Detection Threshold, measure of when panelist correctly identified which air stream has a different odor from the other
two air.streams. :

RT=Recognition Threshold, measure of when panelist can describe the odor.

! Day of sturry incubation trial :

Table 7. Pit Composition

Week 9 collection
Week 9 PH % DM %Total N | %o Ammonia | %Phosphorus } %Potassium
' DMB DMB DMB DMB
HCP? 7.6 1.43 20.8 15.9 4.34 6.93
RCP® 7.3 2.17 15.9 12.7 493 4.79
Significance P< | .008 07 025 .07 02 .01
- CV 26 | 493 25.7 339 15.4 25.7

* HCP = High crude protein diet
® RCP = Reduced crude protein diet
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Table 8.. Odor/Gases

Week 9 collection
4 hr. Dilution Ratio  Ammonia Hydrogen  Blood Urea N
Ammonia  (Fresh:Sample)  (ppm) Sulfide (ppm) (mg/dl)
conc. (ppm)
HCP? 33.6 663 23.7 141 ‘11.5
[ RCP® [ 17 | 472 113 93 | 4.4
~ Significance P< 026 NS 023 008 0001
Ccv 40.2 424 241 21.1 30.9
HCP High crude protein diet : |
® RCP = Reduced crude protein diet
Table 3. Odor and gas analysis.
: ' } Week 9 collection
4 hr ammonia cone. (ppm) Dilution ratio H,S (ppm)
Week 3 Week 9 (Fresh:Sample)
HCP? - 13.6 21.3 533.2 36
RCPF® 12.7 12.5 500.1 25
Significance NS 03 NS 02
cv 11.7 17.8 12.8 19.3

i . HCP = High crude protein diet
* RCPF = Reduced crude protein diet with 10% soybean hulls.

Table 10. Effect of diet on ammonium nitrogen (NH,-N), total nitrogen (TKN), dry matter (DM)

and pH in fresh and stored manure.

Diet (% CP)* pH DM NH,-N NH,-N TKN TKN
o % mg/L %DM ol %DM
Fresh manure
Standard (15) 8.4 13.1 5841° 4.9° 11.9° 10.4
Syn. AA (11) 73° | 172 5118 3 4° 10.4° 6.5
AA+SBH (11) 6.8° 18.3 3892° 2.2° 9.3b 5.2°
AA+DSBP (11) 7.1 171 4279° 26" 9.9° 6.0°
SEM B! 1.1 343 3 4 6
Stored manure
Standard (15) 8.4 4.7 4171* 8.7% 5.3% 11.2°
Syn. AA (11) 8.1 4.} 2623° 6.4° 3.2° 7.9°
AA+SBH (11) 7.9 4.8 2458° 5.3P 3.5° 7.6°
AA+DSBP(11) - | 79 5.0 1588° 3.1° 3.0° 6.0°
SEM 2 3 359 6 4 6

* Diet I: Standard (Std) 15% CP; Diet II: 11% CP with synthetic amino acids (AA); Diet I1I: Diet Il with 10%
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soybean hulls; Diet IV: Diet II with 10% dried sugar beet pulp.
Different letter superscripts in a column is significant (P <0.05).



Table 11. Effect of diet on volatile fatty acid (VFA) in fresh and stored manure (mmol/L).

Diet (%CP)* Ac Pr iBu Bu 1\'% \ Total
Fresh manure

Std (15) 51 19 | 1.1 11 1.26 32 86

Syn. AA (11) 56 24 14 12 | 149 4.0 100
1 AA+SBH (11) 78 28 1.4 15 0.92 44 128
{ AA+DSBP (11) 65 23 | 15} 12 | 141 2.3 105
1 SEM 7 3 1 V13 2 5 12
[ Stored manure

- Std. (15) ' 87 13 23 | 7 45 | 19 115

Syn. AA (11) 64 | 14 1.8 | 11 2.6 2.7 98

AA+SBH (1) | 71 15 | 26 | 10 2.9 28 | 103
1 AA+DSBP (11) 49 8§ 21 | 4 2.5 1.1 67
SEM 7 2 2 1 3 2 10

* Diet I: Standard (Std) 15% CP; Diet II: 11% CP with synthetic amino acids (AA); Diet III: Diet I with 10%

soybean hulls; Diet IV: Diet II with. 10% dried sugar beet pulp.
**" Different letter superscnpts in a column is significant (P <0.05).

Table 12. Effect of diet on room odor and gases at week 6

: Control Soy Hulls cv Significance
‘4hr, Ammonia Conc. (ppm) | 13.05 10.38 2021 017
Detection Threshold 2424.13 2162.5 38.58 NS
Ammonia (ppm) 4.00 3.63 23.36 NS
Hydrogen Sulfide (ppm) 1.03 0.701 20.99 .003

Table 13. Effect of diet on volatlle fatty acids (VFA) in stored manure at week 6.

VFA, mmol/L
: Ac Pr IB B v Vv Total
| Contrel 57.7 16.7 2.1 | 16.8 2.0 1.7 97.0
1 Control+SH* 77.1 23.3 2.5 2_0-3 2.4 2.4 | 128.0
Significance P< 0004 0003 013 036 .043 .004 0008
SEM 2.84 0.94 0.11 1.05 0.12 0.14 4.91

* Control Diet with 10% soy hull
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Table 14. Effect of soyhulls in the diet on manure composition

Control - Soy Hulls cv Significance

Manure Pit Volume (gal)

Initial (as is) 840 840 -- -

Final (as is) 3209.6 2849.6 11.2 .10
Manure Drymater, % ' |

Tnitial 0.26 0.28 42 07

Final 0.97 1.65 9.7 .0001
TN | '

Initial (ppm} |510.2 438.5 9.7 03

Final (ppm) T1681.3 2226.8 9.8 .001

Total pit accumulation, 1b | 41.0 | 49,7 11.5 02
Ammonia

Initial (ppm) 340.3 321.8 2.6 .006

Final (ppm) 1495.5 '1817.2 1.3 002

Total pit accumulation, b | 37.3 40.4 6.0 .05
Phosphorous

Initial (ppm) 209.5 186.2 19.9 33

Final (ppm) 500.7 606.5 5.8 0005
Total pit accumulation, Ib 11.9 12.6 15.1 .49
pH

Initial 8.21 8.26 - 120 69

Final 7.26 7.12 1.3 .03

Change -1.15 20.2

-0.93

.19






