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Keynotes

Diversification of biological sciences and numbers of claims to exclusive biological function
of different molecules discovered lead to unpredicted complications. Do all possible mole-
cules, and especially their reactions, have biological function? Particular molecules can work
perfectly with magnitude potency in vitro but their biological relevance can be limited. They
can be of importance on another level of evolution. Attempts to incorporate them now are
simply making noise and biological chaos.

We also need to recognize that the intellectual (regulatory) play between two molecules is
much less intensive than between two tissues or two brains or two populations. There are
urgent needs for descriptive studies on the functionality of different molecules; another
Linneus or Mendelejev is wanted to create order in molecular biology.

A new light on this biology has been brought about by high-tech developments. A few years
ago, nanotubes or superconductivity were the domain of high-tech research, but in today’s
biology they are very well recognized, e.g. nanotubes as brain memory storage, and, soon,
superconductivity of carbon in enzymatic protein will revolutionize the understanding of
enzymatic—digestive reaction in the biological world.

This series of books will attempt to select and incorporate the recent discoveries in the level
of understanding of the growth and metabolism, microbial ecology, and nutrition in growing
animals. The books are designed to critically evaluate the actual level of knowledge in differ-
ent aspects of growing animals. In fact, the series mission was to show that gut and gut
metabolism are the place of creation of “new life”. “Dead” organic matter entering the gut is
mysteriously, within minutes, a living part of the host metabolism.

Stefan Pierzynowski, Prof
Series Editor



Preface

This book Biology of Nutrition in Growing Animals is the fourth volume in the Elsevier series
entitled Biology of Growing Animals. It contains a compilation of papers that have in common
more of a focus on principles of the biology of nutrition rather than on quantitative aspects of
nutrition and feed evaluation. A number of highly recognized active researchers from all over
the world have contributed to this book.

In this book, the most recent findings relating to a new generation of feed additives and
bioactive compounds are presented. A special chapter focuses on nutritional aspects in rela-
tion to the immune response and the health of the animal. Due to the ban of antibiotic growth
promoters in Europe, nutrition research has become very concerned with alternatives to feed-
grade antibiotics. In this context, novel functional compounds that are already in use or which
have the potential to be used in the nutrition of the growing animal will be characterized and
their mode of action and efficacy on nutrient and tissue metabolism will be described. Both
from the consumer’s and producer’s perspective, safety and legal aspects in the production and
the use of feed additives and bioactive compounds will be presented.

Other factors that may affect growth of the animal as a whole through effects on digestive
efficiency are those compounds of raw materials that interact with digestion and metabolism,
also referred to as antinutritional compounds. In particular, the role of mycotoxins in nutrition
is highlighted, and strategies for detoxification are presented. Finally, special attention is
drawn to the latest advances and future developments pertaining to various biotechnological,
molecular and ecophysiological aspects in the nutrition of young and growing animals.

In conclusion, this book is designed to provide a comprehensive review of the state of the
art, and to focus on future perspectives in the nutrition of the growing animal in this rapidly
changing subject area.
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1 Intestinal fermentation: dietary
and microbial interactions

A. Piva®, F. Galvano®, G. Biagi® and G. Casadei*

“DIMORFIPA, Universita’ degli Studi di Bologna, Via Tolara di Sopra 50,
40064 Ozzano Emilia, Italy

bDepartment of Agro-Forestry and Environmental Science, Mediterranean
University of Reggio Calabria, Piazza S. Francesco 7, 89061 Reggio
Calabria, Italy

The gastrointestinal tract of growing animals represents a complex and constantly changing
milieu, according to the result of complex interactions between dietary ingredients (influ-
enced by their chemical and physical characteristics), age, production stage and immune
status of the animal, environment management and microflora metabolism. The antibiotic
growth promoter era is at its endpoint and new strategies to maintain high and safe production
standards are needed. In this scenario, no longer bacterial inhibition, but rather bacterial mod-
ulation should be the primary target of all research efforts. Moreover, any alternative to
antibiotics should be properly studied and must fit to production conditions and market
requirements in order to be successful. Addition of organic acids, prebiotics and probiotics, as
well as lowering the dietary buffering capacity and direct feeding of specific nutrients to
sustain intestinal mucosa functions, are all strategies that require in-depth investigation. Some
efforts are in progress to assess the advantages of “combo strategies” where, for example, a
blend of organic acids could cumulate the effects of the different acids on animal physiology and
microbial metabolism, while a symbiotic combination could maximize the efficacy of a prebi-
otic NDO (nondigestible oligosaccharide) by coupling it with a probiotic strain that can
electively ferment it. Science in the post-antibiotic era of animal farming is facing an intriguing
challenge that will give a successful return only if applicable and reliable in practical situations.

1. INTRODUCTION

The growth-promoting effects of antibiotics in animal diets have been well established for over
50 years, ever since Stokstad and Jukes (1949) demonstrated that the presence of tetracycline
residues in poultry feeds increased the growth of the animals. Improved performances follow-
ing the use of therapeutic antimicrobials were then described in turkeys (Stokstad and Jukes,
1950), pigs (Jukes et al., 1950), and ruminants (Jukes and Williams, 1953; Stokstad, 1954).

Biology of Nutrition in Growing Animals
R. Mosenthin, J. Zentek and T. Zebrowska (Eds.)
3 © 2006 Elsevier Limited. All rights reserved.



4 A. Piva et al.

The major benefits derived from the use of antibiotics in subtherapeutic doses in animal
feeding involve: disease prevention, improved feed efficiency and increased performances,
especially for the young stressed animals and where management and hygiene conditions are
not excellent. In pig farming, feeding antibiotics is widely practiced around weaning, the time
that represents the most challenging period a pig encounters during its life in terms of infec-
tion and abundance of stressors. In older pigs raised for slaughter, the use of feed antibiotics
is generally regarded as unnecessary and not cost effective. Feed antibiotics have occasionally
been shown to reduce the number of bacteria present in the gut (Jensen, 1988) but more often
they appear to have little effect on total counts of viable bacteria.

Although the mechanism by which antibiotics promote growth is still under heated debate,
the most reliable hypothesis relates to changes in the composition of the intestinal microflora.
Walton (1983) identified six possible different modes of action for growth promoting agents:
(1) the production of discrete lesions in the cell wall of enteric bacteria; (2) a reduction in the
thickness of the intestinal mucosa; (3) an increase in intestinal alkaline phosphatase levels;
(4) areduction in amounts of bacterial toxins and toxic metabolites produced in the intestine;
(5) a decrease in the level of production of intestinal ammonia; and (6) an energy-sparing effect.

The development of antimicrobial resistance over the last four decades has led to an inten-
sification of discussions about the prudent use of antimicrobial agents, especially in veterinary
medicine, animal nutrition and agriculture. One common outcome has been the conclusion
that the use of antimicrobial drugs and the development of resistance in human and animals
are interrelated and that systems should be established to monitor antimicrobial resistance in
pathogenic and commensal bacteria of animal origin.

The magnitude of antibiotic usage in agriculture is pretty impressive. As reported by Witte
(1998), in Denmark during the year 1994, a total of 24 kg of vancomycin were used for human
therapy compared to 24 000 kg of the similar antibiotic, avoparcin, in the animal industry. It has
to be noted that vancomycin and avoparcin have a common mode of action, which greatly
increases the danger of developing cross-resistance in bacteria. As reported by the DANMAP 2002
data, after antimicrobial growth promoters (AGP) were banned in 1998, Danish usage of thera-
peutic antimicrobials increased (+68%) from 57 300 kg of active compound in 1998 to 96 202 kg
in 2001, but total consumption of antimicrobials in food animals decreased by more than 50%.

In 1969, the Swann Committee of the United Kingdom concluded that antibiotics used
in human chemotherapy or those that promote cross-resistance should not be used as growth
promoters in animals, in order to reduce the risk of spreading antibiotic resistance. This
recommendation led to the subdivision of antibiotics into two main categories: those for dietary
use, requiring no prescription and those for medical use, requiring medical prescription.

In 1985, Sweden decided to allow the use of feeds containing antibiotics or other
chemotherapeutic substances only via veterinary prescription and on a case-by-case basis.

Tylosin and virginamycin (banned in the EU since January 1, 1999) have been recently
shown to induce cross-resistance to antibiotics used in human therapy (Jacobs, 1997; Witte,
1998), while other significant examples of induction of microbial resistance were reported at
the WHO meeting in Berlin in 1997 (WHO, 1997).

Although the major cause of resistance to antibiotics in human pathogens is medical
prescription usage of these drugs, the concerns about the spreading of antibiotic resistance
culminated, as of January 1, 1999, in a ban of the use of most antibiotics utilized as growth
promoters, such as bacitracin, tylosin, spiramycin, virginamycin, olaquindox and carbadox.
Avoparcin had already been banned since April 1, 1997, after it was realized that enterococci
isolated from the intestine of chickens and pigs fed avoparcin were resistant to vancomycin
(Bager et al., 1997), an antibiotic commonly used in human therapy.
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The reduced use of antibiotics would be expected to cause a progressive reduction in
acquired resistance and the micro-organisms with acquired resistance should be less viable
and, with reduced antibiotic-induced pressure, should be progressively eliminated by the
ecosystem. However, Morrel (1997) showed that some antibiotic-resistant strains of
Escherichia coli have evolved compensatory mutations that preclude reversion to the sensitive
state, even without selective pressure.

Considering the intention of organizations and the EU to end all use of antibiotics as growth
promoters by 2006, the need for novel strategies to modulate the gastrointestinal environment
and microflora metabolism is of top priority.

2. STOMACH
2.1. Microflora

After birth, piglets have to rapidly adapt to significant nutritional and environmental changes
throughout the postnatal and weaning periods. More precisely, this adaptation involves the
gastrointestinal tract, with its digestive, fermentative, absorptive and immunological func-
tions, as these functions will affect the health status and production performance in the
subsequent periods (Pluske et al., 1997).

At birth, the intestinal tract of pigs is sterile (Sinkovics and Juhasz, 1974) and represents a
good niche for rapid proliferation of environmental bacteria. Lactobacilli, streptococci,
coliforms and clostridia are the main bacterial groups that can be isolated from gastric content
within the first 2-3 hours of life. The major source of bacteria for the newborn pig is mater-
nal feces. Furthermore, the piglet also acquires bacteria during birth from the sow’s fecally
contaminated vagina and perineum, as well as from the frequent contact with the sow’s
contaminated skin (Arbuckle, 1968).

The stomach is the first good site for bacterial proliferation due to the low flow rate of
digesta and the nutritionally rich content present in it. Lactobacilli and streptococci can fer-
ment milk lactose, and they increase numerically very rapidly during the first 24-48 h, and
remain the dominant stomach population for the following suckling period. At this time
microbial cell concentrations reach values of 107-10° per gram of gastric content (Jensen,
1998). As the main metabolic product of lactic acid bacteria is lactic acid, the pH drops
consistently (3—4) inhibiting the proliferation of other bacteria (Jensen, 1998).

A number of variables such as nutrient availability, type of feed introduced, flow of digesta,
pH and dry matter content, may have effects on gastrointestinal microbial diversity. At wean-
ing, dietary shifts from a liquid to a solid feed determine a dramatic rearrangement of
microbial populations. Jensen (1998) showed that at weaning time the previously dominating
lactobacilli leave more space to coliforms, whose plate counts seem to be higher at day 2 and
4 postweaning. This seems to be a temporary pattern that goes back to normality (higher lactic
acid bacteria and lower coliforms) one week after weaning. This kind of variation, coupled
with the different stressors (regrouping, sow withdrawal, etc.), make animals more sensitive
to possible microbial imbalance and susceptible to scours.

2.1.1. Microbial metabolism

Establishment of appropriate microflora at this time is of particular interest with respect to
gastric pH maintenance. Cranwell et al. (1976), in their observations on gastric content and
fermentation, reported that HCI secretion in suckling piglets is rather low because of mucosa
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immaturity and low feed stimuli. Lactic acid, produced in an almost inverse relationship
to HC], stabilizes pH values around 3—4, which is high enough to permit lactic acid bacteria
proliferation and fermentation of sow’s milk lactose. The final pH reached under these condi-
tions, together with maternal immunity are sufficient to depress growth of other potentially
dangerous bacteria. A different pattern is likely to occur at weaning when market conditions
force pig producers to reduce the natural weaning age (13—-19 weeks) down to 3—4 weeks.

In fact, weaning pigs at 3—4 weeks exposes animals to nutritional, environmental and social
stressors that usually result in a postweaning phase characterized by low weight gain, low feed
intake and diarrhea (Barnett et al., 1989). Blechea et al. (1983) reported decreased cellular
immunity in pigs weaned at 2-3 weeks of age, whereas cellular immunity was not altered by
weaning pigs at 5 weeks. At this age the immunological status of a piglet is also low, as pas-
sive immunity acquired through maternal colostrum is dramatically decreased, and active
immunity is only just beginning to develop (Gaskins and Kelly, 1995). This postweaning lag
period may be related to insufficient secretions of gastric acid or pancreatic amylase, lipase
and trypsin (Kidder and Manners, 1978).

Acid secretion in young pigs does not reach appreciable levels until 3—4 weeks after wean-
ing (Cranwell and Moughan, 1989). The suckling pig uses two strategies to counteract the
limitation of insufficient acid secretion and these have been discussed by Easter (1988). The
primary strategy involves the conversion of lactose in sow’s milk into lactic acid by the lactic
acid bacteria residing in the stomach. Secondly, the nursing pig reduces the need for transitory
secretion of copious amounts of acid by frequent ingestion of small meals.

Failure to maintain a low gastric pH has important implications for the digestive functions
of the early-weaned pig. An elevated pH would cause a reduction in the activation of pepsino-
gens, which occurs rapidly at pH 2 and very slowly at pH 4 (Taylor, 1962). Pepsins have two
pH optima, 2 and 3.5, and their activity declines above 3.6, with no activity at pH > 6.0
(Taylor, 1959). As a result, feed proteins may enter the small intestine almost intact. Since the
end-products of pepsin digestion also stimulate the secretion of pancreatic proteolytic
enzymes (Rerat, 1981) an increased gastric pH may indirectly contribute to lower pancreatic
secretion with an eventual reduction in the efficiency of protein digestion.

Inefficient digestion may also provide a basis for the initiation of scours in the young pig
because of the provision of abundant undigested substrates in the small intestine to support
the proliferation of coliforms.

An acid gastric environment is believed to have pronounced bactericidal properties for cer-
tain micro-organisms, in particular for the Enterobacteriaceae (Sissons, 1989), whilst lactic
acid bacteria can still play their beneficial role under such conditions. Viable micro-organisms
entering the digestive tract via the mouth need to pass through the acidic conditions of the
stomach to successfully colonize the small intestine. A rise in gastric pH would, therefore,
allow increased proliferation of Enterobacteriaceae, including Escherichia coli (Smith and
Jones, 1963), which has been associated with scours and increased mortality (White et al.,
1969; Thomlinson and Lawrence, 1981). Furthermore, evidence suggests that proliferation of
coliforms in the stomach may lead to a further decrease of gastric acid secretion due to the
release of a bacterial polysaccharide with an inhibitory effect on acid secretion (Baume et al.,
1967; Wyllie et al., 1967). Uehara et al. (1990, 1992) found that bacterial lipopolysaccharide
(LPS) or endotoxin in minute doses inhibits the secretion of gastric acid and pepsin in rats.
The results showed there was a dose-dependent decrease of gastric acid secretion in rats after
intraperitoneal injections of LPS (10-1000 ng/rat). Subsequent histological analysis did not
reveal any mucosal or parietal cell lesions, excluding a toxic mode of action of the
lipopolysaccharide. Moreover, 24 h after injection, basal acid output returned to normal levels,
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indicating a reversible action. Tsuji et al. (1992) observed that the effect of Escherichia coli
lipopolysaccharide was blocked by indometacin, suggesting that LPS needs an intact
prostaglandin system to exhibit its inhibitory action on gastric secretion.

2.2. Buffering capacity

During suckling, the buffering mechanisms affecting gastric pH, mainly saliva, bicarbonate
and mucus secretions are not a major problem for the piglets. At weaning however, when ani-
mals begin to consume solid feed and water is drunk ad libitum, the buffering capacity of the
diet represents a major obstacle.

In order to describe the ability of a diet to buffer HCI secretions and cause a high gastric
pH, several authors have measured the acid-binding capacity (ABC) of the feed. In this case
ABC is defined as the amount of acid in milliequivalents (mEq) required to lower the pH of
1 kg of feed to pH 4 (ABC-4) or pH 3 (ABC-3), respectively. As previously described, main-
taining a low gastric pH may help nutrient digestion and inhibit the growth of pathogens.
Several researchers reported that a reduction in the pH and/or ABC of the diet, or the addition
of organic acids to the diet, improved animal performance (Partanen and Mroz, 1999; Biagi
et al., 2003). A simple method to measure feed ABC (mEq) is as follows: a 2.5-5.0 g sample
of feed is suspended in 50 ml of distilled deionized water and left, under continuous agitation,
at 37°C for 60 minutes. This is then titrated with 0.1 N HCI or 0.1 N NaOH (depending on
whether pH must be raised or lowered) until pH 3 (ABC-3) or pH 4 (ABC-4) is reached.
Buffering capacity at this point is calculated as:

ABC = {[(50 - ML) x 0.1]/ W} x 1000

where W is the weight of the sample and ML represents the volume of 0.1 N HCl or 0.1 N
NaOH needed to reach the desired final pH.

Along with acid-binding capacity, a similar parameter that can be considered is the diet-
buffering capacity calculated as follows: a feed sample (2.5-5 g) is mixed with 50 ml of HCI
0.1 N and incubated for 1 h in a shaking waterbath at 37°C. After that, the pH of the solution
is brought back to 3 by using NaOH 0.1 N. The buffering capacity is then calculated as
follows:

Buffering capacity (mEq/kg) = (50 — ml NaOH) x 0.1 x 1000/P

where P = sample weight (g).

As previously described, a low pH in the stomach of the weaning pig is ensured by the pro-
duction of lactic acid and other organic acids (acetic, propionic and butyric acids are the most
important) by microbial fermentation (table 1).

Defining a reliable range of values of the buffering capacity of the diet is still a matter of
conjecture because of the paucity of data relative to single ingredients and their possible inter-
actions. The mineral content and the protein fraction of the diet are the primary factors that
influence ABC (Bolduan et al., 1988). Mroz et al. (2000) suggested that ABC should have a
range of 530-600 mEq/kg. Low buffering-capacity diets are reported to improve feed utiliza-
tion and digestibility of nutrients (Blank et al., 1999; Ange et al., 2000; Mroz et al., 2000).
A low ABC diet may help to lower pH in the stomach lumen and allow a proper activation
of pepsin (Taylor, 1959, 1962), leading to a higher gastric digestion of proteins to peptides
and amino acids, which in turn stimulate pancreatic juice secretion (Meyer and Kelly, 1976).
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Table 1

Amounts of organic acids (mmol/day) produced by microbes in the digestive tract of piglets at
6 weeks of age (source: Jensen, 1998, reproduced with permission of the Institute of Animal
Physiology and Nutrition, Polish Academy of Sciences)

Organic Small Large

acid Stomach intestine intestine Total
Lactic 234 +£50 266 * 130 0£0 500 £ 162
Formic 64 38 +20 11+8 55+23
Acetic 42+ 18 36+ 15 176 + 10 254 +23
Propionic 41 1+1 875 922+7
Iso-butyric 0+0 00 60 60
Butyric 2+3 2+2 54+3 59+7
Iso-valeric 00 0+0 61 71
Valeric 11 00 9+2 10+2
Total 288 + 68 343 +£ 100 350 +£23 982 + 124

Even if these results are in agreement with Decuypere et al. (1997), the real relationship
between the ABC of the diet and nutrient digestibility is still under discussion. Moreover, it is
relatively difficult to standardize experimental protocols due to different feedstuff origins, as
well as differences in animal genetics and rearing conditions that characterize animal produc-
tion in the various countries. Nevertheless, the need for safe and natural alternatives to the use
of antibiotics as growth promoters stimulates research in this field.

2.2.1. Lowering gastric pH and buffering capacity

Dietary acidification is gaining more and more in