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ABSTRACT

The gastrointestinal tract can be considered as a small, but complex, ecosystem that includes
abiotic (physical and chemical characteristics) and biotic (resident microbiota) components. Many
of the ecological principles known for river systems are shared by the GIT and are useful for under-
standing the influences of dietary inputs. Although each species has a genetically programmed se-
quence of postnatal changes in GIT structure, functions, and the resident microbiota, the patterns
can be manipulated by dietary inputs. Important questions remain to be answered before dietary
inputs can be cffectively used to “"manage” postnatal development of the GIT and thereby optimize
health and development of animals.
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INTRODUCTION

The gastrointestinal tract varies more in structure than any other vertebrate
organ system (Stevens, 1988). Genetic determinants, which are selected during
evolution, match GIT structure and functions to the composition of the natural
diet, whether this be milk or solid food. Despite the variation, the GIT has certain
characteristics that are shared by most vertebrates. Specifically, dietary inputs are
first stored in a reservoir, such as the stomach of mammals and crop of birds. After
initial processing, the digesta enter the small intestine and procced distally, and are
eventually eliminated.
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The GIT is comparabie to many river systems that originate from reservoirs
that collect drainage from watersheds. Movement of food from the stomach into
the intestine is regulated by the pyloric sphincter, just as the release of water into
the river can be regulated by thc dam. Water velocity is usually fast below the
reservoir and gradually slows, similar to the transit of food through the small and
large intestine. In light of the similarities, many of the ecological principles ap-
plied to river systems can be used to better understand the complex interactions
between dietary inputs, GIT structure and functions, and the resident bacteria. One
critical consideration is that management approaches must be modified to meet
the specific characteristics of different ecosystems, be they the GIT of different
species or life history stages, or different river systems.

Instead of providing a comprehensive assessment of the literature, this contri-
bution largely reviews the different approaches that are presented by the contribu-
tors to this symposium and arc currcntly in usc or being examined as potential
“management tools” to optimize development of the GIT. Before doing so, [ sum-
marize in the first section the age, region, and species differences in GIT structure,
functions, and the resident microbiota. For illustrative purposes | present parallels
with applicable charactenstics of river systems. A subsequent section describes
the different management approaches that can be used to influence the developing
GIT. The concluding section present perspectives about postnatal management of
the gastrointestinal ecosystem.

GIT CHARACTERISTICS: SPATIAL, TEMPORAL, AND SPECIES
DIFFERENCES

The variation in vertebrate GIT structure and functions correponds with the
wide diversity of natural diets (Stevens, 1988). There are also age-related changes
in GIT characteristics. These are best known for mammals that after birth first
drink milk and eventually wean to the adult diet (Buddington, 1994). The best
studied examples involve the shift in digestive enzymes, particularly the postnatal
decline in lactase and increase in maltase and sucrase. Other important changes
include the postnatal onset of gastric secretion (Sangild et al., 1992), shifts in the
types, abundance, and distribution of nutrient transporters (Buddington and Dia-
mond, 1989}, and changes in the composition and volume of pancreatic and bi-
liary secretions (Pierzynowska et al., 1993). These changes, in combination with
changces in dictary input, influence the chemical characteristics in the different
regions of the GIT.,

There are also changes in the physical characteristics of the different GIT re-
gions during development. Mucosal architecture, which provides a substrate for
bacterial attachment and metabolism, undergoes postnatal changes. The most dra-
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matic occur at weaning when there is a decline in villus height, an increase in crypt
depth, and changes in the biochemical characteristics of the enterocyte membrane.

Some of the most dramatic postnatal changes involve the GIT microbiota.

The GIT is sterile in utcro and after birth is rapidly colonized by bacteria. The
principal source of the initial inoculum for mammals is thought to maternal faecal
matter and vaginal contaminants. Other environmental sources, such as the nip-
ples of the mother, are important, but even more so for children and animals that
are delivered by caesanan section. After the inmitial colonization of the GIT, the
microbiota undergoces a series of changes that are influenced by the introduction of
additional species, dietary inputs, and changes in GIT structure and functions.
Another important consideration 1s the modification of the environment by the
bacteria, which can facilitate the development of a bacterial assemblage with dif-
ferent qualitative characteristics. Eventually the aduit bacterial assemblage deve-
lops (Conway, 1996) along with the characteristic regional differences. The se-
quence of events that culminate in the adult GIT microbiota can take more than
two years in humans (Gibson and Roberfroid, 1995) and are similar to the well
known principles of “successional ecology™.

MANAGING DEVELOPMENT OF THE GIT

River systems can be managed by alterring the physical and chemical condi-
tions or by changing the composition and/or abundance of the resident biota. The
likelihood of attaining a desirable ecosystem is increased if management can be-
gin when a river is “born”, not after it is mature. The GIT of newborn animals
provides just such an opportunity for management.

There are three abvious benefits from optimizing GIT development:

1. Faster growth, and higher productivity, 2. increased efficiency of diet utiliza-
tion, and 3. improved health and resistance to disease. This can be accomplished
by managing the physical and chemical characteristics of the various GIT regions
(i.e., habitats) or by managing the species resident in the different regions. The
following reviews information and insights provided by contributors to this sym-
posium about managing the GIT ecosystem during development and includes per-
tinent additional references.

Managing the developing microbiota. The guantitative and qualitative charac-
teristics of the bactcria resident in the GIT are known to be related to host health.
Lactic acid bacteria (e.g., bifidobacteria and lactobacillus) are considered to pro-
vide a variety of health benefits (reviewed by Gibson and Roberfroid, 1995; Kelly,
1998). In contrast, certain strains of £. coli and species of clostridia, salmonella,
and other gram positive bacteria are known pathogens. In addition, the metabolic
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activities of some bacteria can produce substances that are detrimental to the host.
In light of the contrasting health implications, there is interest in fostering a resi-
dent bacterial assembiage that will promote health and decrease the risk of di-
scase. There are four basic approaches that can be used individually or in combina-
tion to modify the composition, hence metabolic activities, of the GIT bacteria.
Comparable strategics are used for managing rivers and other ecosystems.

1. Selective removal of target species. Historically, dietary antibiotics have been
the principal dietary tool used to "manage” the composition of the GIT bacteria,
and the benefits are well established (reviewed by Taljanski-Zygmunt et al., 1998).
In a similar manner, pesticides are used to remove unwanted organisms from other
ccosystems. The responses to dietary antibiotics are profound during suckling and
weaning when the GIT bacteria undergoes dramatic shifts in composition and there
15 an increase in bacterial-related moridity and mortality. Of particular benefit is
the selective nature of some antibiotics that allow for the removal of target bacteria
and do not adversely affect those considered to be beneficial. However, less sclec-
tive, less costly antibiotics tend be added to diets as prophylactic agents. Uncon-
trolled use of such antibiotics has raised concerns about the development antibio-
tic resistant strains of bacteria. The concerns are valid, are already being realized,
and have led to use restrictions (reviewed by Taljanski-Zygmunt et al., 1998). This
is comparable to the development of resistance by organisms to commonly used
pesticides. A less known conscquence of some antibiotics is that they can initiate
or increase the severity of diarrhoea by disturbing motility and osmoregulatory
functions of the colon (Goldhill et al., 1995).

Certain lectins can be considered as alternatives to antibiotics in that they se-
lectively bind to certain bacteria (Kelly, 1998). By doing so, they inhibit attach-
ment to the mucosa and colonization of the GIT. The monosaccharide mannose
similarly binds to membrane receptors of some bacteria preventing them from
adhering and establishing in the GIT (Oyofo et al., 1989 a,b). The milk produced
by humans and other mammals contains a diverse array of oligosaccharides, some
of which selectively bind to certain species of bacteria, associated toxins, and epi-
thelian cell receptors and may thereby confer health benefits (Newburg, 1997).

2. Alterring the chemical environment. In light of the increasing concerns and
restrictions about the use of antibiotics, there has been interest in developing alter-
native strategies that will adventitiously influgnce the GIT bacteria. Dietary or-
ganic acids, which are bacterial metabolites, and their salts have been shown to be
effective at improving growth and health at the time of weaning (reviewed by
Roth and Kirchgessner, 1998). Apparently, by alterring the chemical environment,
mono-, di- and tricarboxylic acids can inhibit the growth of some bacteria, notably
many pathogens. The effect is not attributed to a simple acidification, but involves
other mechanisms of action that have not yet been completely understood (Russell
and Diez-Gonzalez, 1998). The benefit is that advantageous bacteria, such as the
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lactic acid forms, are affected to a lesser degree, if at all, and as a result increase in
relative abundance.

In other ecosystems, changes in the environment causcd by onc set of orga-
nisms encourage the appearance and proliferation of others, This process of facil-
itation is also known to occur in the GIT. Mctabolism by the first bacteria that
colonize the GIT lower oxygen tensions and increase redox potential, and by do-
ing so alter the chemical environment such that it is more suitable for the prolife-
ration of the anaerobes that eventually supplant the aerobic forms, Organic acids
may accelerate this process, and by doing so enhance the transition to adult GIT
bacterial populations that are better adapted to the solid diet than those present
during suckling,

3. Using nuirients to manipulate the GIT bacteria. An effective strategy is to
provide in the diet substrates that are preferentially utilized by desirable forms of
bacteria. The term prebiotics has been used to describe this approach to manage
the GIT bacteria. Certain oligosaccharides selectively encourage the growth of
some, but not all bacteria. The best studied prebiotic is oligofructose (fructooli-
gosaccharide), and it is known to increase the densities of bifidobacteria in faecal
samples of humans and lower the activities of some reductive enzymes implicated
in production of carcinogens (Buddington et al., 1996). Several other oligosaccha-
rides are now considered as "bifidogenic factors” (Gibson and Roberfroid, 1995).
In addition to already established benefits, the addition of oligofructose and inulin
to dicts fed to mice reduced mortality caused by Listeria monocytogenes and intes-
tinal densities of Candida albicans (our unpublished data), thereby demonstrating
immune stimulation.

Human infants that are breast fed have higher densities of bifidobacteria than
those that are fed formuia (Gothefors, 1989). Prebiotics, particularly bifidogenic
factors, have promisc as componcents of milk replacers in that they may alter the
GIT bacteria to make it more comparable to that of breast fed infants. Suckling
pigs fed milk replacer containing oligofructose also have more bifidobacteria, with
the responses more profound in the small intestine compared to the distal colon
(Figure 1). Furthermore, the addition of oligofiructose to an oral electrolyte solu-
tion accelerates recovery of the GIT bacteria after it has been disturbed by acute
diarrhoea (Oli et al., 1998). Therefore, oligosaccharides and other bifidogenic fac-
tors can be used as selective "fertilizers” in that they encourage the proliferation of
certain bacteria and are associated with a reduction in the relative abundance of
other specics. However, like different fertilizers, probiotics can elicit different
growth responses among species of bacteria (Howard et al., 1995) and vieid ditfe-
rent proportions of short chain fatty acids (Sunvold et al., 1995), which will have
differential effects on the GIT.

An alternative, but related approach, to prebiotics, is to reduce the concentra-
tions of dietary components that are needed by undesireable bacteria. For exam-
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Figure 1. Densities of different bacterial groups in the small intestine, proximal colon, distal colon of
suckling pigs fed milk replacers with and without 0.5% oligofructose (our unpublished data)

ple, infant formulas are often prepared with low iron levels as this reduces the
growth of certain pathogens and is thought to lower the risk of enteric-based
disease (Balmer et al., 1989).

4. Introduction of desired species. The introduction of beneficial bacteria into
the mature GIT (probiotics) has proven successful at improving health (reviewed
by Kelly, 1998). However, the introduced species are transient residents of the
GIT and can be recovered for only as long as they are included in the diet. There is
evidence that the bacteria normally present in the GIT have coevolved with the
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host, For example, the binding of bifidobacteria to enterocytes is species specific
(Bernet et al., 1993), and this is probably true for other bacteria. As a consequence
introduced species may not be ablec to successfully compete for limited resources
(attachment sites and nutrients) with the bacteria that are already established in the
GIT and thercfore adapted to the environments in which they reside. This princi-
ple of competitive exclusion is well known for other ecosystems.

It 1s possible to associate the GIT of one species with the microflora from
another species (Hentges et al., 1992), but only if the bacteria are introduced into
a sterile GIT.

These findings indicate that probiotics can successfully colonize the GIT, but
the likelihood is much greater if they are introduced immediately after birth. Care-
ful consideration must be given when selecting the species or strains of bacteria to
be included in a probiotic. Effective probiotics will include species that have chara-
cteristics that allow them to survive and proliferate in the GIT of the target species.
Even so, the natural genotypic diversity between individuals of a specics and even
between life history stages is sufficient to limit the effectiveness of some probiot-
ics. This would includc variation in the carbohydrate residues of thc membranc
proteins, which can affect bacterial adherence, hence virulence (Kelly, 1998).

MANAGEMENT OF GIT STRUCTURE AND FUNCTIONS

An increasingly used approach to manage rivers and other ecosystems is to
manipulate the physical and chemical features of the habitat. If done effectively,
this strategy will encourage the growth of desireable species. A similar approach
can be taken with the developing GIT.

The structural and functional features of the GIT is immature when most spe-
cies are born or hatched and become dependent on exogenous foods. Aduit chara-
cteristics are usually not acquired until animals wean to the natural adult diet.
Although the spccific patterns of changes are determined by genetic factors, dic-
tary inputs can alter the timing of development. This possibility is of particular
importance in production settings when animals are weaned early. If the GIT can
be preadapted by accelerating growth and maturation, the ability of developing
animals to tolerate the adult diet will be acquired at any earlier stage of develop-
ment.

The perinatal period is another critical phase of GIT development and some of
the most profound responses to diet composition occur at birth (Zhang et al., 1998).
There has been interest in identifying biologically active substances (BAS) that
wiil accelerate GIT growth and maturation. There are three possible sources of
BAS that can influence GIT dcvelopment. First, many of the BAS secreted by the
GIT, which represents the single largest endocrine organ in the body, are known to
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influence intestinal structure and functions (Walsh, 1981). Interestingly, many of
the BAS secreted by enteric endocrine cells can be detected in the lumen (Zabiel-
ski, 1998). Second, BAS that are secreted from other sites in the body can influ-
ence the GIT. The most cxtensively studied examples are the glucocorticoids and
thyroid hormones. Finally, dietary inputs can provide BAS that influence GIT de-
vclopment.

The presence of high concentrations of BAS in colostrum and longer retention
in the GIT of sucklings has stimulated interest in understanding possible regulato-
ry roles. Although a wide diversity of BAS have been identified and quantified,
there remains surprisingly little information about if and how they might regulate
intestinal growth and maturation (Zabielski, 1998). Althaugh possible regulatory
roles have been reported, the results are generally not consistent among species
and are often controversial. To date, the majority of research about the addition of
BAS to diets has focused on how to increase digestive capacities. However, other
important GIT functions, such as immunity, osmoregulation, and endocrine secre-
tions, need to be considered.

Another important consideration is that the GIT is dependent on adequate le-
vels of dietary nutrients and energy, including essential micronutrients, such as
copper and zinc (Poulsen, 1998). This is evident from GIT atrophy during parenteral
nutrition, The importance of adequate dietary nutrients and energy may be even
more profound during the neonatal period when they are needed to support the
rapid growth of the GIT. It is now known that dietary amino acids are of particular
importance (Reeds ct al., 1996), with glutamine playing a central role (Pierzynowski
and Sjodin, 1998). Also to be considered are the possible BAS that are produced
by hydrolysis of dietary proteins, such as casein.

The viscosity of the lumenal contents is another physical feature of the GIT
environments that 1s known to influence GIT structure, functions and the resident
bacteria (Simon, 1998). The influcnces of lumenal viscosity are more profound
during early development (Smulikowska, 1998). Higher viscosity diets reduce
nutrient availability, affect enteric immune functions (Kudoh ct al., 1998), and can
have been associated with changes in the bacterial assemblage that are considered
detrimental (Simon, 1998). 1t is possible to reduce viscosity of the lumenal con-
tents by modifying diet formulation or by the inclusion of enzymes that hydroizye
higher viscosity components, such as non starch polysaccharides.

PERSPECTIVES

Managing development of the GIT ecosystem is a complex, multifactorial prob-
lem that can be addressed using several approaches. Before establishing management
strategies additional studics will be needed to address the following questions.
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When to manage? The various GIT functions and resident bacteria undergo
different patterns and trajectories of development, and there is further variation
between species. As a conscquence, receptivity to dietary management is likely to
occur at different stages of development, Exemplary of this is the limited and
species-specific period for acquisition of passive immunity by neonates (reviewed
by Grongnet and Duvaux-Ponter, 1998). There is a need to identify “windows of
opportunity” during which the GIT is responsive to dietary management.

What to manage? The specific GIT features that are to be managed to optimize
growth and health must be identified. The weli known impact of the GIT bacteria
and health of the host has stimulated interest in developing approaches that will
promote the growth of bactenal species perceived as beneficial and/or reducing
the densities of groups considered to be detrimental. Before this, though, it will be
necessary to understand how the assemblages of GIT bacteria differ between spe-
cies, individuals, and ages, and learn which bacteria are beneficial and those that
are detrimental.

Other GIT features that may be amenable to dietary management include GIT
digestive, osmoregulatory, endocrine, and immune functions. However, and as
cmphasized by Kelly (1998), the interactions between GIT characteristics, the resi-
dent bacteria, and host health are complex and not well understood. Moditfying
one or more GIT characteristic is likely to affect others, and these interactions and
their impacts need to be defined.

How to manage? There is continuing debate about the most effective strategy
for managing ecosystems; by directly influencing the biota (species management),
or indirectly by alterring the abiotic charactenistics {(habitat management). There
are similar considerations concerning management of the developing GIT. Should
we directly influence the species composition of the microbiota, or should we alter
the physical and chemical characteristics of the habitats in order to select for a
specific assemblage of bacteria?

Where should management be targetted? Most investigators examine age
and diet influences in a single region of the GIT. There is a need to expand
our studics to include the different habitats present in the GIT. For example,
bacteriologists are often restricted to using stool samples to detect dictary influences.
However, it is likely that the effects of diet on the GIT bacteria occur more proxi-
mally (McBain and MacFarlane, 1997). Furthermore, bacteria adherent to the
mucosa are thought to exert more influences on the GIT than those in the lumen
{Poxton et al., 1997). A better understanding of age and diet responses in the
different regions of the GIT will greatly enhance our ability to devclep effective
dietary strategics that will optimize GIT development, and thereby improve growth
and survival of young animals.
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