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INTRODUCTION
The intestine is one of the most complex organs of any animal and as the primary organ
responsible for nutrient digestion and adsorption, its function is essential to an animal's
development, growth, and health. In addition to being the major supply organ of the body, the
intestinal tract is also the largest immune and endocrine organ (Ahlman and Nilsson, 2001;
Furness, Kunze, and Clerc, 1999). It also contains a large population of autochthonous bacteria;
that has a profound impact on animal health, some consider represents, functionally, an
additional organ (O'Hara and Shanahan, 2006).
Numerous studies comparing the physiology, nutritional status, and immune status of gnotobiotic
and normal animals have demonstrated colonization of the intestine by commensal organisms
have clear beneficial effects. Gnotobiotic animals are typically; more susceptible to infection,
have reduced vascularity, reduced digestive enzyme activity, reduced muscle wall thickness,
smaller Peyer's patches, fewer intraepithelial lymphocytes, reduced cytokine production, and
lower serum antibody levels (Shanahan, 2002; Umesaki et al., 1995). The intestinal microflora is
also recognized to contribute to the overall metabolic activity of an animal. These organisms aid
in the digestion of various carbohydrates which would otherwise be indigestible by the host.
They produce short-chain fatty acids which are absorbed and metabolized for energy (Bocci,
1992; Shanahan, 2002). Additionally, colonization influences epithelial cell differentiation,
proliferation, and even increased rate of host animal glucose uptake (Backhed et al., 2004).

METHODS OF REGULATING INTESTINAL MICROFLORA
Several different methods have been employed over the past 50 years for the control of various
microorganisms in the intestines of humans and animals. The most common has been
supplementation with sub-therapeutic levels of antibiotics. The exact mechanism by which
subtherapeutic antibiotics promote growth is still unclear; however four main hypotheses have
been proposed: inhibit the growth pathogenic bacteria present at sub-clinical levels, reduce the
amount of nutrients in the gut consumed by bacteria by globally suppressing bacterial growth,
reduce the levels of microbial metabolites which have growth · suppressing affects, and/or
enhance nutrient uptake via the thinner gut wall associated with antibiotics (Gaskins, Collier, and
Anderson, 2002; Visek, 1978). This practice has come under increasing scrutiny by consumers
and public health officials due to reported associations between antibiotics in animal feed and the
development of drug-resistant strains of bacteria in the environment (McEwen and FedorkaCray, 2002; Wegener, 2003).
Currently, several alternative approaches to regulating the intestinal microflora are being
championed. Instead of eliminating the microorganisms like with antibiotics, the use of
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prebiotics, direct fed microbials (DFM), and synbiotics seek to promote the growth of
commensal organisms to establish a stable ecology that will aid in digestion, nutrient production,
and prevent colonization by pathogenic organisms. The application of these approaches has been
the focus of numerous detailed reviews and therefore will not be reviewed here. This paper will
focus on our understanding of how altering the intestinal flora affects animal health, and data
from our laboratory using DFM supplementation to specifically alter the intestinal ecology.
PROPOSED MECHANISMS OF ACTION OF DFM

To date, the mechanisms proposed for how DFM supplementation promotes animal health and
production fit into one of three categories; (1) physical and chemotactic competitive exclusion of
gut pathogens; (2) enhancement of digestion and increasing nutrient concentrations available for
absorption and; (3) improved mucosal and/or systemic immune function. While the explanations
for DFM-medi<lted changes in animal health vary widely, none have sought to systematically
integrate the putative actions with host animal metabolism, specifically energy partitioning and
immune function.
Much of the uncertainty related to how DFMs promote animal health is a function of the
common assumption that the inherent characteristics of all DFM, regardless of constituent
species or consortium are essentially equal. This is an erroneous assumption. Indeed it is likely
that different species of bacteria, as well as subspecies, could evoke different physiological and
metabolic responses. Therefore any investigation of the effect DFMs have on animals and their
mechanism should be qualified with a detailed understanding of the specific microorganisms
involved.
Over the last 6 years, our laboratory has developed a systematic investigation of a DFM
consortium with the goal of trying to establish mechanistic linkages between DFM introduction
and/or colonization of the gastrointestinal track with physiological and metabolic changes in the
animal. Of special interest was the effects ofDFM on the whole body energy partitioning and the
immune system. In order to ensure repeatable responses amongst studies, we have employed a
commercially available DFM product (Primalac; containing Lactobacillus acidophilus,
Lactobacillus casei, Bifido bacterium bifidium, and Enterococcus faecium, Star-Labs/Forage
Research, Inc., St. Joseph, MO) as our model because of consistent reports in the peer-reviewed
scientific literature that it beneficially enhances growth, performance and health in a number of
species (Dalloul et al., 2003; Davis and Anderson, 2002; Grimes et al., 2008).
DFM COLONIZATION AND ALTERATIONS IN GASTROINTESTINAL
PHYSIOLOGY, MICROBIAL FERMENTATION AND WHOLE-BODY METABOLISM

In order to establish that our DFM model was viable when supplemented and colonized the
gastrointestinal tract, we initiated a series of studies to confirm its presence in the premix, feed
and gastrointestinal tract digesta. Colony forming units (CFU) of all consortium bacteria were as
listed on the premix. Feed and cecal digesta cultures from broilers fed DFM demonstrated
approximately 10-fold greater CFU/g of all three genera within the consortia as compared to the
digesta from control birds. Additionally, scanning electron microscopy examination confirmed
an increase in the number of adherent bacterial organisms in crop, esophagus, ileum and cecum
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of DFM fed birds via in all parts of the gastrointestinal tract examined (Chichlowski et al.,
2007b; Qiu et al., 201 Ob).
Short chain volatile fatty acids (SCVF A) are produced in significant quantities in the cecum and
colon of the chicken by the autochthonous bacteria (Croom et al., 2009). They can be passively
absorbed and serve as an energy substrate. Additionally, some SCVFA, such as butyric acid,
may have regulatory effects, especially in regards to fat metabolism (Marcil et al., 2003). Our
laboratory has demonstrated that DFM leads to changes in the molar proportions and
concentrations of digesta SCVFA and lactate in the ileum and cecum. Of special interest was an
increase in the ratio of d-lactic acid/I-lactic acid (Croom et al., 2009). There has been recent
speculation that d-lactic acid may play a more important role in metabolism than previously
assumed (Ewaschuk, Naylor, and Zello, 2005). Unfortunately, our measurements address
changes in the type of fermentation occurring in the lower gastrointestinal tract and not the total
production rate of volatile fatty acids produced precluding conclusions regarding a significant
change in the quantity of SCVFA as an'energy source with DFM.
DFM supplementation decreased the adjusted weight of the broiler jejunum (mg/g BW) and
decreased ileal oxygen consumption (nM/min/mg: Chichlowski, et al., 2007a; Qiu, et al., 2010a).
Supplementation with DFM failed to increase adjusted whole body energy expenditures as well
as energy expenditures by the liver, spleen, ceca and breast muscle (Chichlowski et al., 2007a;
Qiu et al., 2010a). When taken as a whole, these data fail to suggest a metabolic explanation of
how this DFM enhances growth and performance. We hypothesized a mechanism involving
alterations in the function of the immune system as well as a repartitioning of energy to the
immune system. The quantitative contribution of the immune system to bioenergetics is largely
unknown.
DFM EFFECTS OF IMMUNE FUNCTION AND ENERGY EXPENDITURES

Preliminary investigations into the possible involvement of the immune system by Chichlowski
et al. (2007a) reported non-significant decreases in pro-inflammatory cytokine expression and
increases in anti-inflammatory cytokine expression in the jejunum. These results were later
validated by Qiu et al (2010a). Additionally, Qiu et al. (2010a) noted an increase in thymus
oxygen consumption (µm/g/min). These extensive investigations of the immune response,
including leukocyte ATP expenditures and antibody production, suggested the immune system
may be playing a major role in the physiological response to DFM (Qiu et al., 2010a).
This speaks not only to increased immune function but also to alterations in energy partitioning
within the animal. Studies comparing DFM supplemented broilers and control broilers following
immunization with sheep red blood cell antigen demonstrated that the immune system of DFM
supplemented broilers have a higher level of energy expenditure, which coincides with increased
kinetics of the production of antigen specific IgG (Qiu et al., 2010a). Together these data suggest
that DFM supplementation induces changes promoting increased immunity through energy
partitioning.
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THE SEARCH FOR DFM MECHANISMS OF ACTION CONTINUES

Data from our DFM model suggests changes in the intestinal microflora results in changes in the
physiology of the gastrointestinal tract as well as the immune system. Additionally, we are the
first to show that supplementation with a DFM can causes changes in energy partitioning within
animals, specifically energy expenditures of the systemic immune system. Future research needs
to expand these studies in order that a more mathematically complete accounting of how energy
is being repartitioned in the body following DFM treatment.
Collectively these data highlight the complexity and diversity of the interrelated biological
processes which occur in the gut, and the inherent problem with attempting to understand
intestinal biology one discipline at a time. To truly understand how modulation of intestinal
function and intestinal health impact overall animal health and performance it is imperative we
begin to fundamentally exaroine the questions we ask when studying the intestine. How do such
a small number of supplemented live bacteria physically block the huge number of microenvironments within the gastrointestinal tract from colonization by pathogenic organisms? How
do changes in the upper intestine impact the lower intestine? What role does the intestinal
neuro/endocrine system play in modulating intestinal immunity? Do the microorganisms
communicate to each host system via different receptor systems, or does one system serve as the
message board?
For decades we have used antibiotics to promote animal growth but with only a limited
understanding of the biology involved. With the widespread use of prophylactic antibiotics, we
have been restricting the growth of the largest number of cells within the animal without a
complete understanding of their function. Now with the threatened loss of the use of antibiotics
as growth promotants, it is imperative that we develop techniques to meet production demands
whilst assuaging public health and environmental concerns. Although daunting, this challenge
may prove to accelerate the development of even more efficacious production tools through the
understanding and exploitation of naturally occurring systems in the body that optimize health
and well-being,
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