ABSTRACT
BOHÓRQUEZ, DIEGO VICENTE. Dietary and Housing Effects on Growth Performance,
Gut Health and Salmonella Colonization of Salmonella-Challenged Broilers. (Under the
direction of Dr. Peter R. Ferket).

Salmonella is a major food-borne pathogen that continues to affect the poultry industry
through contaminated products that enter the human food chain and cause adverse effects on
broiler performance and livability. Hence, Salmonella must be controlled at the farm level to
ensure food safety and reduce these negative effects. Housing design may modulate broiler
response to Salmonella, and the addition of dietary yolk immunoglobulins (IgY) and/or
dietary threonine (THR) may lessen its adverse effects.
800 day-old male Ross-308 broiler chickens (40g/chick) were randomly assigned to 32
litter floor pens in a curtain-sided house or 32 cages in a total confinement house (25
birds/pen or cage). All birds were orally inoculated with 106 cfu of a mixture of Salmonella
enterica subsp. at 3 d of age. Birds were assigned to 4 dietary treatments consisting of a 2 X 2
factorial with two levels of threonine (64% or 75% of lysine) and 2 levels of IgY (0 or 5.4%
IgY). Data were collected at 14, 28 and 42 d of age and variables evaluated included body
weights, feed:gain ratio, mortality rate, bursa, spleen, and liver weights, Salmonella
colonization levels (most probable number technique), and gut health. Incidence of thin and
inflamed gut tissues was scored as an indicator of gut health on 32 birds per house. Data
analysis was divided in two parts: First, treatment effects on growth performance were
analyzed by house. The treatment effects on growth performance and mortality appeared to
be dependent upon housing and chicken’s age. For birds reared on litter, dietary IgY
increased body weight by 4% at 14 d of age as compared to controls. However, treatment

effects were more evident in cages. There was a THR X IgY effect on feed:gain ratio at 14
days. Among low THR birds, IgY reduced 1 - 14 d feed:gain ratio, yet showed only a
marginal effect among the high THR birds. However, IgY adversely affected 42 d body
weight and 1 – 42 d feed:gain ratio, probably due to dietary moisture dilution effects. IgY
reduced mortality of birds fed the low THR diets but had no effect among birds fed the high
THR diets. Second, the effect of the two housing systems on organ weights, gut health and
Salmonella colonization levels was compared. Birds reared on litter had heavier body
weights and reduced 1 – 42 d feed:gain ratio, as compared to caged birds. There were no
housing effects on mortality rate, but Salmonella levels were higher in birds raised in litter at
14 days. This result corresponded with a higher incidence of mucoid jejunum mucosa and
greater relative spleen and liver sizes at 28 d, in litter-reared birds. In contrast, cage-reared
birds had a higher incidence of ileal grain chips at 14 d than those raised in litter, indicating
inferior gizzard function.
In conclusion, dietary IgY improves the growth performance and livability of
Salmonella-challenged broilers during the starter phase, but its effects can be restricted by
dietary threonine at 75% of lysine. Furthermore, the role that litter plays on chicken’s health
may be more than just providing bedding. Although birds reared on litter had greater
Salmonella colonization than cage-reared birds during the starter phase, they demonstrated
better digestion capacity indicated by less feed passage, which ultimately enhanced growth
performance and meat yield. Because the intestine contains the largest amount of immune
cells, understanding how bacteria modulate early growth and development of the intestinal
epithelium may help to develop novel nutritional strategies that lessen the negative effects of
pathogenic colonization on the poultry industry.
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CHAPTER I

LITERATURE REVIEW

1.1. INTRODUCTION
The poultry industry has evolved dramatically in the last few decades, from millions of
backyard flocks to very few highly-specialized totally confined and integrated systems. In the
United States alone, the total weight of broilers produced in 2006 was 48.8 billion pounds
compared with 18.9 billion pounds 20 years ago (USDA, 2007). Management practices, genetic

selection and nutrition of the flocks have been remarkably improved to keep up with the
production goals required to feed a continuously growing population without compromising
animal welfare. A clear example of such progress is the advances in poultry performance.
Currently, the weight of modern chicken broilers is about 2700g at 42 days of age whereas,
50 years ago, commercial chickens of the same age would not have reached 600g at this age
(Havenstein et al., 2003b). Along with this progress came new challenges, including higher
stocking densities, litter reutilization, and health problems (Dekich, 1998; Dudley-Cash,
2001). Such conditions have created the potential for pathogenic microbial colonization in
birds (Cheema et al., 2003). Thus, new strategies are required to manage emerging food
safety issues in intensively raised animals in order to ensure current consumer demands of
affordable, safe and antibiotic-free food supply (Cook, 2000).
Nowadays broiler breeders are raised under stringent biosecurity practices to prevent
pathogenic colonization of the fowl, the spread of disease, and vertical transmission of
pathogens from parental stock to progeny (Hafez, 1999). Concurrently, specific adaptive
immunity is developed by the exposure of the breeders to different antigens. Because
hatchlings acquire passive immunity through the antibodies in the yolk sac, this lack of
exposure of the breeders has reduced the ability of the progeny to adapt to immunological
challenges (Cook, 2000; Cheema et al., 2003). Additionally, broiler chickens have been
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genetically selected for growth, feed efficiency and meat production rather than disease
resistance (Lochmiller and Deerenberg, 2000; Cheema et al., 2003). As a result, modern
strains of broiler chickens are more susceptible to invasion of pathogens such as Salmonella
spp, which negatively affects the poultry industry because of poor animal performance,
health and welfare, and it increases the potential of contaminated product entering the human
food chain (Hafez, 1999). Salmonella is a major foodborne pathogen that affects more than 4
million people in the United States every year, and poultry is considered a major reservoir of
this pathogen (Mead et al., 1999; Schroeder et al., 2000). Thus, Salmonella needs to be
controlled at the farm level (Blankenship et al., 1993) to prevent contamination of poultry
products, reduce the negative effects on the poultry industry and maintain animal welfare.
When Nurmi and Rantala (1973) reported that newly hatched chicks inoculated with
adult intestinal microorganisms soon became resistant to Salmonella colonization, a whole
new approach for dealing with bacterial challenge was born. This consept is is now known
as competitive exclusion (CE) (Nurmi et al., 1992a). The CE concept demonstrated the
importance of commensal microflora in the gut of a hatchling to prevent the colonization of
pathogens, such as Salmonella (Nurmi et al., 1992a). Under normal conditions, chicks begin
to inoculate themselves by ingesting materials as they explore their environment, thus
establishing an enteric ecosystem of microbiota (Corrier et al., 1993). Thereafter, commensal
bacteria will protect the host against invasion of alien microbes, and they also play a major
role in the modulation and maturation of the immune system and the gastrointestinal tract
(GIT). The synergistic role played by the commensal gut microflora on the intestinal
epithelia has been widely demonstrated (Blankenship et al., 1993; Deplancke and Gaskins,
2001a; Nataro et al., 2005). Gut commensal microorganisms have been shown to specifically

3

exert a profound effect on the modulation of the innate immune function and structure of
immune defense (Deplancke and Gaskins, 2001a; Nataro et al., 2005). Furthermore, the
functions of commensal microflora include improved digestibility, metabolic activities in the
GIT that result in salvage of energy and absorbable nutrients, and important trophic effects
on the development and maturation of the tract (Guarner and Malagelada, 2003b; Nataro et
al., 2005; Santos et al., 2006).
Commensal microflora depends on nutrients provided by the intestinal epithelia through
the mucosal blanket. The mucosal blanket (MB) not only serves as food source but also
facilitates the role of commensal bacteria by acting as a physical barrier that prevents the
adhesion of pathogenic bacteria to the epithelium (Liévin-Le Moal and Servin, 2006). In fact,
several researchers have shown that the MB thickness increases during Salmonella infection
to provide a non-immune protection against the pathogen invasion (Arnold et al., 1993; Falk
et al., 1998a; Henderson et al., 1999; Lu and Walker, 2001). This physical barrier provided
by MB is mainly composed of the structural glycoprotein mucin, which is known to possess
high levels of threonine (Lu and Walker, 2001; Lu et al., 2003). Faure et al. (2005) reported
that restriction of dietary threonine (THR) significantly and specifically impairs intestinal
mucin synthesis. In addition, Kidd et al. (2003) and Hooge (2006) demonstrated that
microbial-challenged broilers have a higher THR requirement. Thus, increasing the dietary
threonine levels may reduce the adverse effects of Salmonella colonization in modern strain
of chickens by maintaining the structure of the mucosal blanket and encouraging colonization
of commensal gut microflora.
Providing passive immunity by oral administration of specific antibodies is another
strategy against the colonization of pathogens in the GIT of poultry (Mine and Kovacs-
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Nolan, 2002). With public concern about antibiotics, alternatives to cope with pathogens
have become popular, and dietary supplementation of antibiotics can reduce immune
stimulus by knocking out gut bacteria. The chicken yolk provides nutrients and antibodies
and, by feeding these antibodies, one can provide passive immune protection to the hatchling
(Cook, 2000; Hooge, 2006). The heavy reliance of the poultry industry on vaccines to
prevent infectious diseases and the need to maintain poultry health and welfare means that
understanding avian immunological mechanisms is a fundamental prerequisite for
developing new vaccines and disease control strategies in the future (Davison, 2003).
Therefore, the following review of scientific literature will focus on environmental
strategies to control Salmonella effects in the poultry industry, the fundamentals of poultry
immunology, nutritional modulation of early development of the immune system and
intestinal tract. The primary objective of this thesis is to evaluate the effect of feeding diets
containing standard or high level of threonine, with or without yolk immunoglobulins on the
growth performance and intestinal health of broilers challenged with Salmonella enterica
spp. and reared in cages or on litter floors.

1.2. SALMONELLA
Salmonellosis is an infectious disease caused by Salmonella spp. that continues to plague
human populations in both developed and third-world countries. Salmonella spp. has plagued
the United States (US) for decades. In the nineteenth and early twentieth centuries, the
bacteria were commonly spread through contaminated food and water (Guthrie, 1992).
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Occasional asymptomatic carriers, like the infamous "Typhoid Mary"1, also spread disease
(Guthrie, 1992). Noticeably, the infamous bacteria had been used even in bioterrorism. The
first reported incident of terrorism in the US involving food occurred in 2000, when a group
purposefully contaminated salad bars with Salmonella, resulting in more than 700 illnesses
(Pate et al., 2001). However, there have been previous non-reported incidents in which
Salmonella has been used to intentionally contaminate restaurant’s food (Torok et al., 1997).
Today, Salmonella outbreaks continue to occur throughout the nation, the most recent took
place in July 2007 and affected 20 states (CDC, 2007). Consequently, Salmonella illnesses
remain one of the greatest cause of food-borne disease in the US, and because of the large
numbers of persons affected, mortality is still significant.

1.2.1. The cost of Salmonella
In the US, reports from the department of agriculture (USDA) have estimated that
Salmonellosis alone costs about 2.4 billion dollars per year, which is roughly 35% of the total
cost of foodborne illnesses (6.9 billion dollars) in this country (Voetsch et al., 2004). If this
cost is translated into number of people affected by Salmonella spp. in the US, more than 4
million individuals each year are infected with the bacteria, being about 40% of the total
reported bacterial enteritis cases (Voetsch et al., 2004; Schroeder et al., 2005). Ultimately,
about 1.4% of the Samonellosis cases reported result in mortality (Voetsch et al., 2004).
The US population is a large consumer of poultry meat, about 12 million tons of broiler
meat alone is consumed every year, with a steady increase of approximately 3% per year
(USDA, 2006). The association of Salmonella with raw foods of animal origin, particularly
1

For complete story referred to Guthrie, 1992 (p. 8-10)
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poultry products, has been well-established (D'Aoust, 1989; Guthrie, 1992). Unfortunately
for the industry, poultry products have been considered one of the major Salmonella
reservoirs for decades (D'Aoust, 1989). Persistence of Salmonella spp, especially
typhimurium, in apparently healthy fowl can lead to the introduction of contaminated
products into the food chain, thereby resulting in animal-human transmission (Nataro et al.,
2005). As a result, the impact of Salmonella spp. on the population can be fairly large. As
consumers become more aware about the risks, control and possible elimination of
Salmonella has become an important goal for the poultry industry, especially at the preharvest level (Santos, 2006). Evidently, control of Salmonella spp. is a matter of health and
economical concern. Therefore, it is imperative to control Salmonella colonization in
chickens at farm levels to reduce the risk of poultry product contamination (Blankenship et
al., 1993).

1.2.2. Fundamentals of Salmonella
History
The Salmonella are ancient pathogens that live in the intestines of animals and have
evolved along with their hosts (Cunha, 2004). The bacteria were first discovered and
described in 1885 by Theobald Smith and Daniel Salmon. At the time, the bacterium was
first termed as hog-cholerabacillus, because it was isolated from pigs infected with hog
cholera (Salmon and Smith, 1886). However, it was the French bacteriologist Joseph
Ligniéres who, in 1900, suggested that the entire group of bacteria to which the swine pest
bacillus belongs, should be termed Salmonella in honor of Salmon (Ellermeier and Slauch,
2006).
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Taxonomy
Ever since its discovery, Salmonella have been group with the enterobacteriaceae family,
although the exact description of its taxonomy has been rather erratic, with constant
modifications and disagreements in nomenclature (Brenner et al., 2000; Tindall et al., 2005).
According to the CDC system, the genus Salmonella contains two species: S. enterica and S.
bongori (Brenner et al., 2000). Advances in molecular biology have allowed the
biochemically and genomic differentiation of subspecies (subsp). Salmonella enterica is
divided into six subspecies, which are referred to by a Roman numeral and a name: I, S.
enterica subsp. enterica; II, S. enterica subsp. salamae; IIIa, S. enterica subsp. arizonae; IIIb,
S. enterica subsp. diarizonae; IV, S. enterica subsp. houtenae; and VI, S. enterica subsp.
indica. Before S. bongori became recognized as a species, it was previously classified as the
V subspecies, hence the absence of this subsp. within S. enterica (Popoff and Le Minor,
1997; Brenner et al., 2000). Noticeably, the majority of the isolates from humans and warmblooded animals have been associated with Salmonella enterica subspecies enterica
(Ellermeier and Slauch, 2006).
There are several serotypes associated with each subspecies, and they have been usually
named according to the geographic location where the serotype was first isolated (Brenner et
al., 2000). The identification of serotypes is based on the immunoreactivity of two surface
antigens: (1) “O” (somatic/ cell wall) antigens, which consist of the lipopolysaccharideprotein chains exposed on the cell surface. (2) A protein antigen “H”, otherwise known as
flagellin; multiple flagellin subunits compose the filament component of the bacteria’s
flagella. The different antigens are numbered and each serotype is given an antigenic formula
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and classified into a group (Kauffmann, 1966; Brenner et al., 2000; Ellermeier and Slauch,
2006). So far, there are 2463 Salmonella serotypes that have been described and reported and
all of them are considered potentially pathogenic (Popoff et al., 2000).
TABLE 1. Host range of Salmonella enterica serovars.
Classification

Serovar

Host

Host restricted

Typhi
Paratyphi A and C
Sendai
Abortusovis
Gallinarum
Typhisuis
Abortusequi
Host adapted
Choleraesuis
Dublin
Generalist
Typhimurium
Enteritidis
Adapted from Ellermeier, C. D. and M. D. Slauch. (2006).

Humans
Humans
Humans
Ovines
Poultry
Swine
Equines
Swine and humans
Bovines, human and ovines
Humans, poultry, swine, bovines, and rodents
Humans, poultry, rodents, swine and bovines

Physiology and habitat
The vast majority of Salmonella serotypes are facultative anaerobe gram-negative nonsporing rods (1-2 µm), usually with motile long flagella. Although, non-motile variants may
occur, such as S. Pullorum , S. Gallinarum (D'Aoust, 1989). They are facultative anaerobes
because they are able to make ATP by aerobic respiration in the presence of oxygen, but they
are also capable of switching to fermentation in anaerobic conditions; and gram-negative,
because they do not retain gentian violet dye under proper conditions (D'Aoust, 1989;
Guthrie, 1992).
The Salmonella live primarily in the intestinal tracts of animals. Some serotypes have
specific hosts, but the majority can affect a variety of hosts (Table 1). Salmonella enterica
subsp. enterica inhabit warm-blooded animals, whereas all other S. enterica subspecies and S.
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bongori are commensals of cold-blood animals and only rarely infect humans (Ellermeier and
Slauch, 2006). In chickens, however, serovar Enteritidis causes an asymptomatic infection of
the hen reproductive tract. This leads to vertical transmission of the bacteria to the egg prior
to the deposition of the shell (Guard-Petter, 2001). Thus, these otherwise healthy hens
provide a long-term source of Salmonella (Ellermeier and Slauch, 2006).
The optimal conditions for the serotypes to reproduce are 35 - 37°C and pH 7.0 - 7.5;
however, the bacteria can growth between 15°C and above 6°C and survive harsh conditions,
such as freezing, isolation from the host and dry conditions (Guthrie, 1992). The bacteria are
usually less resistant to high temperatures. In general, 60°C for 2 - 6 minutes or 70°C for 1
minute will kill the bacteria (D'Aoust, 1989; Guthrie, 1992).

Isolation, culture and identification
Salmonella is a polemic pathogen, with the discovery and classification of more
serotypes classification models and isolation techniques have become more numerous and
complicated as well. There may be more media and culture methods for the isolation of
Salmonella bacteria than for any other bacteria (Davies et al., 2000). Despite considerable
advances in molecular procedures, conventional bacteriology is still widely used in
epidemiological studies of Salmonella (Lax et al., 1995). The method employed to collect the
samples, culture and isolate the bacteria can have a broad impact on the results, the
researcher should chose the most adequate methodology based on its experience and the
specific needs of the study (Scotter et al., 1993; Skov et al., 1999). The most probable
number (MPN) from serial dilutions method have become particularly useful for detection of
low concentrations of organisms (<100/g) (Feng, 2006), such as environmental samples from
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poultry houses (FDA, 2004). The MPN has proven to be sensitive (1 log MPN/gram of
sample) and it yields accurate results (Santos et al., 2005; Santos Jr., 2005; Santos, 2006;
Santos et al., 2006).
The MPN method consists in three phases that simultaneously inhibit growth of other
competitive microflora and it allows for the recovery of injured Salmonella cells (Feng,
2006). The first phase is pre-enrichment, where fresh samples are commonly filtered in
stomacher bags and incubated in buffered peptone water at 37°C for 18 to 24h. In the second
phase, samples are selectively enriched in Rappaport-Vassiliadis (RV) broth and incubated at
42°C for 24 h. The final phase involves selective and differential plating that includes the
isolation of samples onto a modified lysine iron agar and subsequent incubation at 37°C for
24 h. Then, suspicious colonies are cultured on a triple sugar iron agar slants and incubated at
37°C for 24 h (Santos et al., 2005; Feng, 2006). For identification and quantification of the
colonies, presumptive positive Salmonella colonies are agglutinated using poly-O antiserum.
Finally, populations of Salmonella on the samples can be determined using the Thomas’
approximation (Swanson et al., 2001).

1.2.3. Salmonella infection in poultry
Infection of poultry with Salmonella can arise primarily from nontyphoid Salmonella
infections, including S. Typhimurium, S. Enteritidis and S. Heidelberg, which are also
associated with foodborne illnesses in humans (D'Aoust, 1989). Young birds are more
susceptible to systemic infections that can lead to increased early mortality; however, adult
birds are more resistant and can potentially harbor Salmonella in their intestinal tract without
showing clinical signs (Brown et al., 1976). These pathogens can be transmitted to poultry by
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several routes including fecal-oral, feed, water, insects, rodents, poults, humans, semen, and
transovarian route (Figure 2) (Guthrie, 1992; Porter Jr., 1998; Bailey et al., 2001; Ranta and
Maijala, 2002; Donoghue et al., 2004).
Once Salmonella have been ingested by the chicken, the first barrier encountered by the
bacteria is the acidic conditions of the proventriculus. This defense is overcome relatively
easy by the bacteria because of its rapid adaptation to lower pH; for example, S. typhimurium
can survive acidic environments with pH as low as 3 (Lee et al., 1994). Salmonella is then
able to colonize the small intestine where it preferentially targets and the underlying lymph
tissue. Although the specific site of colonization along the tract depends on bacteria serovar
(Carter and Collins, 1974; Henderson et al., 1999), there is evidence that Salmonella
preferentially targets the bursa where it continues to replicate (Hassan and Curtiss, 1994b;
Henderson et al., 1999). As the number of organisms continues to increase, Salmonella can
infect essentially all tissues of the body (Figure 1). Because of the bacteria’s ability to
replicate within macrophages, the liver, spleen and bone marrow are eventually colonized,
which can lead to septicemia and death of the host (Henderson et al., 1999). Finally,
Salmonella can be reintroduced via the gallbladder into the small intestine during the
infection, and disseminated into the environment (Carter and Collins, 1974).

1.2.4. Housing alternatives to prevent Salmonella in poultry
Salmonella is a resilient microorganism that can rapidly adapt to environmental
fluctuations, such as low water activity, acidic conditions and increasing temperatures
(D'Aoust, 1989; Santos, 2006). An extreme example of this ability was shown in 2006 when
S. typhimurium was grown the aboard Space Shuttle Atlantis and was compared with
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FIGURE 1. Histopatology of Salmonella-challenged chicken spleen: (A) Light micrograph of spleen
section (20X) stained with hematoxylin and eosin, from a 28 days-old broiler chicken challenged with
Salmonella. (B) Light micrograph (100X) showing the Salmonella invasion (black arrows) of spleen cells
(Light micrographs by: D. V. Bohórquez).

identical ground control cultures; the flight samples exhibited enhanced virulence activity in
a murine infection model (Wilson et al., 2007). Evidently, the bacterial adaptability to
stressful situations depends on specific conditions to which the bacterium is exposed.
At the poultry production level, the first objective should always be to keep the bacterium out
of the farm. Once the bacterium is introduced into the poultry facilities, it can take a long
time and much effort to eliminate the pathogen (Brake, 2007). However, as the industry
continues to expand steadily and the density of production facilities increases, the risk of
disease spread between flocks also has increased. Biosecurity practices should encompass
management strategies to prevent the spread of pathogens between and within farms (Poss,
1998). Keeping the poultry facilities dry at all times by minimizing the use of liquid
disinfectants (e.g. food baths) should be the priority of all practices to reduce bacterial
reproduction and dissemination (Brake, 2007). Inside the poultry house, it is of utmost
importance to maintain dry litter, as wet litter can increase the bacterial load and ammonia
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increasingly difficult to obtain and are expensive (Grimes et al., 2002). Some authors have
suggested cage systems for broilers as a favorable alternative, especially as the cost of
housing space increases and pine shavings are less available (Reece et al., 1971b; Andrews
and Goodwin, 1973b; Havenstein et al., 1998). There is also the possibility that pathogenic
contamination problems (i.e. Salmonella) might be reduced if broilers could be removed
from intimate contact with their fecal matter (Reece et al., 1971b).
This situation has brought the poultry industry to a crossroads. On the one hand, cages
may help to remove the likelihood of Salmonella infection at the farm level (Reece et al.,
1971; Andrews and Goodwin, 1973; Havenstein et al., 1998); although, shifting completely
to rearing solely in cages will preclude birds from ingesting beneficial microflora commonly
found on litter floors (Corrier et al., 1993; Deplancke and Gaskins, 2001a; Guarner and
Malagelada, 2003b; Santos, 2006). New alternatives should focus on these parameters rather
than only performance. Many poultry scientists have stressed the idea that the objective of
poultry production should go beyond performance and focus on digestive tract management
to improve animal welfare and decrease pathogenic infection (Sklan, 2004; Uni and Ferket,
2004; Ferket et al., 2005; Dibner, 2006; Collett, 2007). There is a delicate balance between
reducing infection and establishing the gut microbial ecosystems, and this should be the
ultimate goal of modern poultry production. Cages and litter floors systems could be
potentially combined and used depending the age and nutritional needs of the flock.

1.3. FUNDAMENTALS OF POULTRY IMMUNOLOGY
To understand better the Salmonella effects on poultry and its protective immune reaction
this section will discuss the development and nutritional modulation of the humoral and cell-
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mediated immune responses of poultry. However, before describing both arms of the
adaptive immune response, a brief description of the concepts and terms commonly used in
avian immunology will be covered to facilitate the discussion of this thesis.

1.3.1.

General concepts in avian immunology

The avian immune system, similar to the mammalian, is comprised by two main
components known as innate immunity and specific or adaptive immunity. Initially,
microorganisms that successfully enter the chicken will encounter the cells and mechanisms
of the innate immune system. Such a response is non-specific and does not confer longlasting immunity against the pathogen, whereas a specific immune response, otherwise
known as adaptive immunity, will “educate” the immune cells to recognize subsequent
infections by the same pathogen via the production of pathogen-specific antibodies (Glick,
2000; Janeway et al., 2005). Innate and adaptive immune responses both depend on the
activities of leukocytes commonly known as white blood cells. In mammals, leukocytes are
produced in the bone marrow by the hematopoietic stem, otherwise known as the pluripotent
hematopoietic cells because they ultimately differentiate into all the different types of blood
cells (Bainton and Farquhar, 1966; Bainton et al., 1971). Hematopoietic stem cells give rise
to more limited types of stem cells, the common lymphoid progenitor and the myeloid
progenitor. In birds, however, both progenitors originate from multipotent haematopoietic
stem cells of intraembrionic origin, rather than the yolk sac as it was previously believed
(Lampisuo et al., 1998; Tavian et al., 2001).
The majority of the innate immune system components originate from the myeloid
progenitor. These components include granulocytes, macrophages, dendritic cells and mast

16

cells. Granulocytes are comprised of three types of cells: eosinophils, basophils and
neutrophils, the latter being the most numerous and most important component of the innate
immune response (Graf, 2002; Janeway et al., 2005). However, neutrophils and macrophages
are important phagocytic cells in both innate and adaptive immune responses. Macrophages
are primarily phagocytic cells that originate from monocytes (immature cells) and constitute
the first line of immunological defense against pathogens; macrophages are immediately
available in the peripheral tissue to engulf a wide range of pathogens without requiring prior
exposure (Qureshi et al., 2000). Another type of phagocytic cells are the dentritic cells;
although only immature cells are phagocytic, once they have become mature they act as
antigen-presenting cells to T cells, initiating adaptive immune responses (Fairchild and
Austyn, 1990). Finally, the last group of leukocytes from myeloid origin is the mast cells;
these are exocytic tissue cells that trigger a local inflammatory response to antigens by
releasing substances that act on local blood vessels (Carlson and Hacking, 1972). Natural
killer cells are also components of the innate immune response but they originate from the
common lymphoid progenitor (Gobel et al., 1994).
Adaptive immune responses largely depend on lymphocytes, which provide the lifelong
immunity after exposure to disease or vaccination. In birds, lymphocyte precursors are
produced in the primary lymphoid organs which include bone marrow, thymus, bursa of
Fabricius and the embryonic yolk sac (later Meckel’s diverticulum). Stem cells from the yolk
sac migrate early in the embryo life to the bursa or thymus, where they give rise to B or T
cell precursors, respectively (Romanoff, 1960; Le Douarin, 1975; Glick, 1979; Davison,
2003). Prior to hatching, B and T cells are mature and ready to patrol for pathogenic
invasion, by entering the bloodstream and migrating towards the peripheral or secondary
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lymphoid organs comprised of lymph nodes, spleen, caecal tonsils, gland of Harder and
mucosal-associated lymphoid tissue (e.g. gut-associated lymphoid tissue or GALT) (Gatti et
al., 1970; Glick, 1978; Befus, 1980; Seto, 1981). The peripheral lymphoid tissues are
primarily dedicated to collect antigens ingested by dendritic cells or macrophages from sites
of infection, and presenting them to migratory lymphocytes (Schat and Myers, 1991; John,
1994). The stimulation offered by the antigen will induce the lymphocytes to become active
lymphoblasts and eventually divide into effector B or T cells (Seto, 1981; Janeway et al.,
2005). Once B cells have been activated they secrete antibodies and play a dominant role in
the humoral immune response. In contrast, T cells will further divide into two main classes
that become the central players of the cell-mediated immune responses. One class is known
as the cytotoxic T cells, mainly dedicated to eliminating infected cells, and the other class,
helper T cells, will differentiate to act as activators of other cells such as B cells and
macrophages (Glick, 1979; Sharma, 1997; Glick, 2000).

1.3.2. Maturation of the avian adaptive immune response
Among the avian species, the chicken immune system has been studied most extensively
and has contributed significantly to our understanding of immunology (Glick et al., 1956;
Good et al., 1962; Davison, 2003). One of the most important contributions the chicken has
made to immunology is the delineation of the two arms of the adaptive immune system: the
B-dependent or humoral immune system and the T-dependent or cell-mediated immune
system (Figure 3) (Davison, 2003). Glick et al. (1956) discovered that when the bursa was
removed from chickens they were not longer capable of producing antibodies.
The same approach was used later by several researchers to elucidate the role of the
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thymus in the immune system. Elegant experiments showed that when the thymus was
surgically removed from neonate rabbits and mice, skin graft rejection (part of the cellmediated response) was completely and consistently impaired while the production of normal
antibody levels was slightly changed (Archer et al., 1962; Good et al., 1962; Miller, 1962;
Humphrey et al., 1964; Wagner et al., 1972). Such experiments gave rise to a whole new
concept in immunology that ultimately divided the adaptive immunity into T cell-mediated
and humoral, or B cell, immune responses.

The chicken T cell-mediated immune response
During the embryonic life, the chicken cell-mediated immunity develops several days
before humoral immunity (Glick, 2000). At 6 days of embryogenesis, a wave of stem cells
migrates from the yolk sac to the thymus. Here, stem cells proliferate and differentiate into
effector and regulator cells, also known as T cells because of their thymic origin. T cells are
the main components of cellular immunity and as in mammals, avian T cells engage in helper
(CD4+) and cytotoxic (CD8+) functions (Owen, 1977). They are responsible for the majority
of cell-mediated immunities, such as delayed type hypersensitivity, allograft rejection, and
capacity to initiate graft-versus-host reactions plus the regulation of the immune responses
(Seto, 1981). Prior to hatch, T cells enter the circulatory system and travel to the peripheral
tissue to prevent colonization of pathogens that have not been controlled by phagocytic cells
of the innate immunity (Seto, 1981). At hatch, mature T cells are found mostly in the blood,
in spleen, and in specific regions of the small lymph nodes and gastrointestinal lymphoid
aggregates in the chicken (Sharma, 1997). However most of these immune organs are not
completely developed at hatch. Thus, further development of T cell receptor specificities in
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secondary immune organs occurs some period after hatch (McCorkle et al., 1983; Dibner et
al., 1998). Although T cells in the hatchling are phenotypically mature and capable of
binding mitogens as effectively as T cells from adult birds, they are functionally immature
and unable to proliferate or produce cytokines following immune stimulation. Functional
maturation of the cell-mediated immune system can take up to 7 days in the hatchling
(Leslie, 1975, Lowenthal et al., 1994). Thus, chickens are highly susceptible to infection by
opportunistic pathogens during the first few days after hatching.

The humoral immune response in the chicken
Over a century ago, the demonstration of antibody activity against diphtheria and tetanus
toxins by Emil von Behring, gave rise to the theory of humoral immunity. Antibodies became
the first product of the adaptive immune response to be identified. They are commonly found
in the fluid component of blood, or plasma, and in extracellular fluids, and because body
fluids were once known as humors, immunity mediated by antibodies is known as humoral
immunity (Janeway et al., 2005). The humoral immune responses depend on the activation of
B cells by the recognition of a specific antigen located on the surface of pathogen. Activated
B cells differentiate into: (a) memory cells, which provide the immune system with a method
to recognize the same antigen in future challenges; or (b) plasma cells, which secrete soluble
antibodies found in circulation in the blood and other tissue fluids (Parker, 1993). These
antibodies are dedicated to bind pathogens and present them to phagocytic cells and other
molecules of the humoral immune system that ultimately engulf and degrade the invader. The
production of antibodies requires the action of helper T cells specific for the antigen
recognized by B cells (Janeway et al., 2005).
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FIGURE 3. Ontogenesis of the chicken adaptive immunity: during ontogenesis of the chicken adaptive
immunity, stem cells migrate towards the thymus and bursa, for differentiation. The thymus produces two main
cell types: T helper (CD4+) and T cytotoxic (CD8+) (Good et al., 1962). In the bursa, progenitor B cells are
produced (Glick, 1979). Cells then migrate toward the peripheral lymphoid tissue where they mature in the
presence of antigens (Figure by D.V. Bohórquez).
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The bursa of Fabricius (Figure 3 & 4) is the primary organ of the chicken humoral
immune system (Glick et al., 1956). This unique organ serves as the site where B cells are
first selected for their ability to produce antibodies against foreign antigens (Cooper et al.,
1966). This selection process is preceded by a relatively short period when the developing B
cell generates a wide array of antibody receptor molecules by gene conversion. Unlike
mammals that can generate new antigen-binding specificities throughout their lives, birds can
only do so within the bursa during a short period before hatching (Sharma, 1997). Around 10
days of chicken embryogenesis, stem cells migrate to the bursa, where they become the
precursors of B cells. Although these stem cells are committed to B cell line development,
they are only capable of expressing one type of Ig (IgM) at hatch (Seto, 1981). Distribution
of B cells to the peripheral tissues begins at the 17th day of incubation, and by day of hatch
they are present in caecal tonsils, thymus, spleen, Meckel’s diverticulum, gut-associated
lymphoid tissue and other sites (Glick, 2000). Because B cell activation depends on the
presence of antigens, the ability to mount a secondary immune response, as indicated by the
production of Ig, can take days or even weeks during the post-hatch life of the broiler chick
(Dibner et al., 1998).
Birds are known to possess three major classes of antibodies: IgM, IgA, and IgY (IgG).
IgM first appears around the 12th day of incubation and is the only active immunoglobulin at
hatch, along with maternal IgY (Lydyard, 1976; Schat and Myers, 1991). IgM bearing
lymphocytes are also the immediate precursors of IgA- and IgG-producing cells and are
dedicated to protect against infection in the bloodstream (Martin and Leslie, 1974; Janeway
et al., 2005). IgA is the predominant immunoglobulin in bile and intestinal secretions. The
Peyer's patch is referred to as the origin site of the precursors of these IgA-producing cells,
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but the majority of IgA-producing plasma cells are located in the intestinal lamina propia
(Lebacq-Verheyden et al., 1972; Schat and Myers, 1991). Serum IgA is known to appear at
about 10 days of age in the broiler chick, at least 6 days later than the appearance of serum
IgM (Leslie, 1975). Finally, IgY, the avian counterpart of IgG, is transferred to embryos
across yolk sac membranes and is usually found in the blood and extracellular fluid. At
hatch, IgY present in the bursa is maternal IgY deposited in the yolk by the hen (Dibner et
al., 1998). Because humoral responses (and cell-mediated immune responses as described
above) are not ready at hatch, the broiler chick relies heavily on the passive immune
protection provided by the maternal antibodies (Martin and Leslie, 1973; Yokoyama et al.,
1992b; Marquardt et al., 1999; Kovacs-Nolan and Mine, 2004).

Passive immunity provided by maternal yolk immunoglobulins
The transfer of maternal immunoglobulins to the neonate or fetus is essential for
postnatal survival (Linden and Roth, 1978). Antibodies, specific for a certain antigen, are
transmitted with their biological activity intact from the maternal circulation to that of the
offspring across the fetal membranes, mammary gland, yolk sac or neonatal gut, depending
on the specie (Brambell, 1969). In mammals, the transfer of maternal antibodies occurs after
birth via the mammary secretions and the neonatal gut, whereas in birds, maternal antibodies
must be present in the egg to protect the newly hatched chick (Sim et al., 2000).
In the chicken egg, the concentration of IgM and IgA in the egg white, and IgY in the egg
yolk are about 0.15 mg/ml and 0.7 mg/ml, and 25 mg/ml, respectively (Rose et al., 1974; Sim
et al., 2000). Not only is IgY present in larger quantities, but it also is transferred to the chick
preferentially over the other immunoglobulins (Brambell, 1969). Elegant experiments have
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demonstrated the passage of IgY from hen serum to yolk and then to the circulation of the
chick via the endoderm of the yolk sac (Patterson et al., 1962; Linden and Roth, 1978;
Kowalczyk et al., 1985).
During embryonic development, the yolk becomes surrounded by, and contained in, the
yolk-sac, which is connected to the gut by a highly vascularized stalk (Brambell, 1969).
Kowalczyc et al. (1985) reported that uptake of IgY across the yolk sac and into the embryo
circulation, occurs as early as day 7 of embryogenesis at a relatively low rate ( < 100 µg/day)
until a dramatic increase in uptake (>600 µg/day) occurs in the last 3 days before hatching.
Shortly before hatching, the yolk-sac, with its residue of yolk, is retracted into the body of
the chick through the umbilicus and provides the chick with a stock of 1 to 2 mg/ml of IgY in
its plasma at day of hatch (Kowalczyk et al., 1985). Then, the yolk-sac is reduced to a
rudiment at 4 or 5 days of the chick’s age and forms the lymphoepithelial Meckel’s
diverticulum, which secretes plasma cells (Romanoff, 1960; Olah and Glick, 1984; Olah et
al., 1984).
The stock of plasma circulating IgY will provide passive immune protection during the
first few days of the chick’s life until the humoral system has fully developed. After
hatching, it takes about a week for the number of IgY cells in the bursa to increase from 0.2%
to a maximum of 27%, and their frequency is then stabilized around the 11th week of life
(Ekino et al., 1995). For this increment to occur, B cells in the bursa must become mature
and differentiate into IgY-secreting cells during the first week of life, which can vary
depending on antigen exposure (Leslie, 1975). The attachment of IgY to the bursal cells
triggers the development of IgY+ cells that are capable of secreting IgY (Ekino et al., 1995).
However, circulating IgY alone cannot attach to the bursal cells in the neonate chick, the
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bursa must trap antigens first that are in circulation inside the rectum lumen or absorb them
through the anal cavity from the external environment (Sorvari et al., 1975). Once antigens
are allocated inside the bursal lumen, they play an important role in the attachment of IgY to
the bursal cells or in trapping IgY in medullary areas of the bursal follicle (Kincade and
Cooper, 1971). Therefore, maternal IgY derived from yolk must form an antigen-antibody
complex before they can be trapped by B cells in the bursa follicles (Ekino et al., 1995). The
subsequent development of IgY-secreting cells is dependent on antigenic stimulation derived
from the bursal lumen but not from the systemic circulation, which occurs upon hatch (Ekino
et al., 1995). Maternally-derived antibodies are crucial in guiding the development of the
hatchling immune system along the fine line between tolerance and response. Enabling the
developing immune system to differentiate potentially pathogenic antigens from innocuous
feed or commensal antigens and initiate response or tolerance (Klipper et al., 2004).
The use of the chicken as a model to describe the unique characteristics of the avian
immune response has created new strategies to maintain flock health. As described above,
hyper-immunization of parent flocks can be useful to manipulate antibody transfer and shape
the balance between tolerance and response in the broiler for early life. Peroral
immunotherapy using maternal antibodies from hyper immunized hens could be an
alternative to provide disease resilience in poultry (Yokoyama et al., 1992b). Conventional
procedures have emphasized the development of specific disease resistance rather than
optimizing host resilience to non-specific disease. For example, boosting the hatchling
immune system through vaccines can be particularly costly (Lochmiller and Deerenberg,
2000), in terms that eliciting an unnecessary or excessive immune towards disease resistance
could negatively impact feed efficiency and performance of poultry (Collett, 2007). Oral
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immunization has demonstrated to be more efficient in providing passive immunity on
mucosal surfaces, which are the most common sites of entry of infectious agents (Tomasi,
1970; Mestecky, 1987).

IgY advantages over mammalian IgG and its use in livestock oral immunotherapy
Leslie and Clem (1969) reported the existence of structural differences between
mammalian IgG and avian IgG, and proposed that the predominant serum Ig of the chicken
should be called IgY rather than IgG. There are even suggestions of IgY being the ancestor
of the uniquely mammalian antibodies IgG and IgE (Warr et al., 1995). The chicken IgY
structure is primarily composed of two heavy (H) and two light (L) chains and has a
molecular mass of 180 kDa, larger than that of mammalian IgG (159 kDa) (Warr et al.,
1995). IgY differs primarily from IgG by the absence of a hinge region in the H chain, which
provides considerable flexibility and affects the overall properties of the Ig (Kovacs-Nolan
and Mine, 2004). The lack of a hinge region affects the molecular stability of IgY in
challenging conditions (e.g. mammalian gastric peptides), and compromises the activity due
to less flexibility of the molecule (Shimizu et al., 1992; Kovacs-Nolan and Mine, 2004).
Thus, microencapsulation has emerged as an effective method of protecting IgY from
gastrointestinal inactivation, enabling its use for oral passive immunotherapy (Chang et al.,
2002; Kovacs-Nolan and Mine, 2005).
The technological advances in isolation and protection of the IgY activity have further
advanced the use of laying hens as producers of such antibodies. Laying hens are highly costeffective in producing immunoglobulins as compared with the mammals traditionally used
for such production (Kovacs-Nolan and Mine, 2004). Some of the advantages of IgY over
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IgG include: (1) chicken antibodies have biochemical advantages over mammalian antibodies
due to the phylogenetical differences between avian and mammalian species, resulting in
increased sensitivity as well as decreased background in immunological assays (Leslie and
Clem, 1969; Larsson et al., 1993); (2) in contrast to mammalian antibodies, chicken
antibodies do not activate the human complement system nor will they react with rheumatoid
factors, human anti-mouse IgG antibodies, or bacterial and human Fc (fragment
crystallizable)-receptors (Larsson et al., 1993); (3) IgY can be easily isolated from egg yolk
by the water-dilution method on a large scale without using any chemicals or organic
solvents; (4) the egg yolk contains over 100mg of IgY and is considered to be a more
hygienic and economical source of antibodies than those from mammalian sera (KovacsNolan and Mine, 2004); (5) about 40g per year of IgY could be collected from an immunized
layer hen compared with 1.3g from a rabbit (Zeidler, 1998).
The majority of infectious diseases are encountered through the large surface area of
mucosal membranes and, therefore, it would seem highly desirable to induce immune
protection at the portals of entry of infectious agents (Mestecky, 1987). IgY is particularly
effective during oral administration because it can be taken up by pinocytosis from the
intestinal lumen into the membranous subcellular system of the absorptive cells and
subsequently transported into the lamina propia, and from there into the lymph without
inducing an inflammatory response (Swarbrick et al., 1979; Walker and Bloch, 1983). It has
been shown that orally IgY interferes with the uptake of protein antigen, which reduces
pathogenic colonization (Walker et al., 1972; Pang et al., 1981).
These properties have made IgY attractive for peroral immunotherapy to control a variety
of gastrointestinal diseases. IgY from hens immunized with plural bacterial antigens have
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several effects toward prevention of bacterial diseases by inhibiting processes, such as
bacterial growth, toxin production, and adhesion to the intestinal cells (Sugita-Konishi et al.,
1996). So far, the benefits of IgY oral administration have been positively tested against
bovine and human rotaviruses, bovine coronavirus, Yersinia ruckeri, enterotoxigenic
Escherichia coli, Salmonella spp., Edwardsiella, Staphylococcus, and Pseudomonas
(Yokoyama et al., 1992b; Marquardt et al., 1999; Deignan et al., 2001; Kovacs-Nolan and
Mine, 2004). In addition, attachment of Salmonella typhimurium to murine intestinal
epithelial cells in vitro has been significantly reduced by dietary supplementation of
unfractioned egg yolk, from hens immunized against S. typhimurium (Deignan et al., 2001).
However, maternal-antibodies can only offer passive immunity during the first few days
of the hatchling’s life. Long lasting protection depends on the maturation and stability of the
hatchling immune response and its interaction with antigens. Because the chicken’s digestive
tract has the largest body surface exposed to pathogenic and commensal antiges,
management of development and health of this organ can directly modulate the bird’s
performance and welfare.

1.4. THE GASTROINTESINAL TRACT: DEVELOPMENT, MUCOSAL
IMMUNITY AND BACTERIAL ECOSYSTEM
The gastrointestinal tract (GIT) (Figure 4) is a highly specialized system with many
specialized tasks. Not only must it perform digestive and absorptive functions, but it is also
the main interface between the external and internal milieus (Schat and Myers, 1991). The
GIT epithelium is entirely covered by a mucosal blanket (MB), which provides non-immune
protection (Liévin-Le Moal and Servin, 2006). The MB is also the medium within which
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commensal bacteria (CB) develops a symbiotic association (Guarner and Malagelada,
2003b). The GIT is a primary portal of entry for many pathogens, several of which are of
economical importance (e.g. Salmonella), that requires major immune vigilance. The gutassociated lymphoid tissue (GALT) is one of the most important immunological systems
(Schat and Myers, 1991). It contains more immunocytes, including B and T lymphocytes, as
well as plasma cells than any other tissue in the body (Tomasi, 1970; Brandtzaeg, 1977).
MB, CB, and GALT are all major components of the GIT; they maintain constant
interactions with each other, yet their functionality depends on maturation of the GIT
epithelia.

1.4.1. Gross development of the GIT anatomy in poultry
The origins of the chicken’s GIT can be traced from as early as 24 hours of incubation.
Ectoderm, mesoderm and endoderm layers can be distinguished in the fertilized egg at this
time (Hamburger and Hamilton, 1951). The GIT, along with the liver and pancreas, originate
from a primitive gut tube consisting of endoderm and surrounded by mesoderm. The
muscular and connective tissues of the GIT originate from the mesoderm. Small portions of
the oral cavity and cloaca are derived from the ectoderm (Romanoff, 1960). The embryonic
gut can be roughly divided in three portions: the fore-gut, the mid-gut, and the hind-gut. The
fore-gut extends from the most anterior part of the digestive tract to the primordial of the
liver. Numerous structures derive from the fore-gut, such as oral cavity, esophagus, crop,
proventriculus, gizzard, liver, gall bladder, pancreas and part of the duodenal loop.
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FIGURE 4. The avian digestive tract: It is limited cranially at the oral cavity where the tongue (T) is found.
The esophagus (E) follows, attached to it, a localized dilatation occurs known as the crop (C). Particles are
stored in C before transported to the proventriculus (Pr) or glandular stomach, exposed to gastric juices and
subsequently ground in the gizzard (G) or muscular stomach (Romanoff, 1960). The liver (L) along with the
gall bladder (not shown) participates primarily in the digestion and absorption of carbohydrates and lipids. The
pancreas (P) is surrounded by the duodenal loop (D) and is primarily responsible for hormone (e.g. insulin)
secretion. The jejunum (J) extends from the end of D to Meckel’s diverticulum (Md). The ileum continues from
Md to the ileo-caecal junction where both caecal tonsils (Ct) are connected. D, J and I form the small intestine.
The two horn-like ceca (Ce) are the major factory of intestinal microflora reproduction. Finally, the rectum (R)
(i.e. large intestine) is found at the end of the tract. The bursa of Fabricius (B) is situated on the dorsal end of R.
The alimentary canal terminates in a chamber, the cloaca (Cl), into which open the genital and urinary ducts
(Romanoff, 1960). B is a major factory of B cells, which eventually migrate towards the secondary lymphoid
tissue (Glick, 2000). Sp, Md, Ct and Peyers’ patches (not shown) are components of the secondary lymphoid
tissue associated with the GIT (Befus, 1980) (Photo by D.V. Bohórquez).

The mid-gut, intuitively obviously between the fore-gut and hind-gut regions, is connected to
the yolk sac by the umbilicus cord and gives rise to the small intestine with the exception of
the duodenum (Romanoff, 1960). The hind-gut, the most postierior part of the gut, is limited
cranially by the caecal primordial. The cloaca, rectum, large intestine and caecal horns
originate from the hind gut.
The chicken small intestine (Figure 4 & 5) is subdivided into three consecutive sections:
the duodenum, jejunum, and ileium. The duodenum is recognizable by about the fifth day of
incubation. It extends from the gizzard and forms a loop around the pancreas. The jejunum
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FIGURE 5. Small intestinal surface of a turkey poult: Scanning electron micrographs (150X) showing
the variations on the small intestinal surface of a day-old turkey poult. The villi in the duodenum (A) have a
distinctive finger-like shape, whereas in the jejunum (B) and ileum the villi (C) are short-round and leaflike respectively (Micrographs by: D. V. Bohórquez)

begins right after the duodenal loop, extending from the pancreatic ducts to the Meckel’s
diverticulum or yolk sac diverticulum. The ileum continues from the Meckel’s diverticulum
to the ileo-caecal junction where both caecal tonsils meet the digestive tract (Turk, 1982).
Development in the chicken’s GIT occurs rapidly around the post-hatch period. At this
time, the GIT needs to be ready to allow a rapid transition from the egg nutrients rich in
lipids and high soluble proteins, to an external diet with high contents of carbohydrates and
dense proteins (Sklan, 2001). This change includes preferential growth of the small intestine
and activation of digestive enzymes and absorption pathways (Uni et al., 2000).
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FIGURE 6. Villus structure of the chicken’s small intestine: (Left 40X) Villi (Vi) projected into the
jejunal lumen (Lu) of a 7-day old broiler chicken. The muscularis (Mu) serves as a platform for the crypt
(Cr). A-B (100X) Stem cells (Sc) found in the crypts produce the four main cell lineages that form the
intestinal epithelia. Except for paneth cells, wich migrate towards the bottom of the crypts (white arrow),
the other three lineages of cells: enterocytes (En), goblet cells (Gc), and enteroendocrine (not shown)
migrate towards the luminal end of the villi (black arrows)1 (Light micrographs by: D.V. Bohórquez).

The rate of development of the GIT peaks around the first 6-10 days post-hatch and it
exceeds the rate of body weight gain both physically (relative weight) and morphologically
(Jin et al., 1998; Sklan, 2001). Rapid development is especially evident in the pancreas,
duodenum, and jejunum. Changes include a rapid increase in mass, villi number and length,
enterocyte number, crypt depth and proliferating cells (Uni et al., 2000).
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Histomorphology of the GIT in poultry
The internal surface of the bird’s intestine is lined with projecting folds or villi that
exponentially increases the area exposed to the lumen where feed, bacteria and other
elements exist. The villi shape, structure and function vary significantly throughout the small
and large intestine. They can be conical, finger-like projections (e.g. duodenum) or they may
be short, leaf-like folds such as in the ileum and rectum (Figure 5 a, b, c). In general, the villi
decrease in abundace from the cranial to the caudal end of the intestine (Romanoff, 1960).
The maintenance and renewal of the villi cells relays on a small number of stem cells that
reside at the bottom of the crypts of Lieberkühn (Figure 6b). In birds, there appears to exist a
secondary cell lineage at the apical end of the villi involved in cell differentiation and
division (Uni et al., 1998), although there are not further reports.
Stem cells in the crypts slowly duplicate, giving rise to a transient population of
progenitor cells that divide rapidly while migrating towards the intestinal lumen (Figure 6 ab). During their migration, precursor progenitors in the small intestine become committed
towards one of four different lineages. (1) The paneth cells (cells with small, red granules)
contain apically oriented granules in which AMPs and antimicrobial proteins are packaged as
pro- or mature forms. Contrarily to the other lineages, they are present only in the small
intestine, and they differentiate at the bottom of the crypts (Sancho et al., 2003; Liévin-Le
Moal and Servin, 2006). (2) The enteroendocrine cells (cells with small, dark granules)
contain small oriented secretory granules in which different peptide hormones should be
stored, although the same granule may store more than one peptide hormone (Hellmich and
Evers, 2006; Liévin-Le Moal and Servin, 2006). (3) The enterocytes project at the apical
domain as a dense well-ordered brush border consisting of organized microvilli (Figure 7 a-
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FIGURE 7. Goblet cell and brush border in the small intestine of a turkey poult: A. Scanning electron
micrograph (4500X) showing a partially open goblet cell (Gc) containing mucin granules (Mg). Gc are
commonly escorted by absorptive enterocytes (En) with characteristic microvilli (Mv) projecting into the
lumen (Lu). B. Transmission electron micrograph (10000X) showing the tubular microvilli (Mv) embedded
in glycolax (Gx) that traps particles from the lumen (Lu). Note the tight junctions (Tj) between cells.
Mitochondria (Mc) are commonly found in the absorptive enterocyte close the luminal surface1 (Scanning
and transmission electron micrographs by: D.V. Bohórquez).

b) (Rhodin, 1975). Such projections contain a fibrous glycolax that maintains an intimate
contact with the lumen, where most of the digestion of feedstuffs into nutrients occurs
(Pfeiffer et al., 1974; Turk, 1982; Moran Jr, 1985). (4) The mucus-secreting goblet cells (cell
with large yellow granules) produce membrane-bound mucins and contain mature storage
granules in which secreted mucins are packaged (Figure 7 a-b) (Sklan, 2001; Nataro et al.,
2005).
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Goblet cells have developed a synergistic relationship with the nearby enterocytes
microvilli. The mucin produced in the goblet cells, mixes with water and is subsequently
trapped by the microvilli to form the “unstirred water layer” (Kessel and Kardon, 1979;
Moran Jr, 1985), otherwise known as mucus blanket. All these cell types are intimately
attached to one another by tight junctions (zonula occludens), which, among several other
functions, prevent the movement of substances around the cells and serve as a fence to
maintain the cell surface integrity (Turk, 1982; Stevenson et al., 1988).

1.4.2. The role of the mucus blanket on GIT health
The mucosal surface of the intestinal tract is the largest surface in contact with the
external environment and this is where most of the interactions occur between the host and
microorganisms (Nataro et al., 2005). The luminal surface of the GIT is coated of thin layer
of mucus, otherwise known as mucus blanket or mucus layer (Figure 8).

Mucins: The backbone of the mucus blanket
The mucus blanket is formed primarily by mucins, produced and stored by the
specialized goblet cells in its intracellular vesicles. Mucins can be divided into two main
families: (1) transmembrane mucins that act primarily as intermediaries of growth factors,
ultimatly responsible for cell renewal; and (2) secreted mucins found on the cell surface
where they form a viscous layer (Nataro et al., 2005).
Mucins are structured by high molecular-weight glycoproteins, generally characterized
by a core protein rich in serine, proline and threonine, to which many carbohydrate side
chains are attached. Together they provide the viscoelastic properties of the mucus barrier.
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(Corfield et al., 2000; Söderholm and Perdue, 2006). The sugar groups are attached to the
luminal end of the protein, providing seudo-attachment sites for bacteria and preventing
direct attachment on the epithelium. This is the source of the protective properties of the
mucus blanket on the epithelial cell surface (Nataro et al., 2005). This mucus blanket
comprises two sublayers formed by the combination of mucins and water (1:20 w/v). First,
an inner layer, referred as the adherent mucus, that is in intimate contact with the epithelium
and thereby comprise the actual mucus barrier. Second, an outer sublayer known as the nonadherent mucus layer, that is responsible for the epithelium lubrication and bacterial trapping
(Corfield et al., 2000).

The role of threonine in sustaining mucus secretion
Because poultry cannot synthesize threonine de novo, threonine is an essential aminoacid
that must be included in poultry feed. In fact, threonine is considered the third limiting amino
acid in low crude protein diet’s for poultry (Kidd and Kerr, 1996). Threonine requirements of
poultry can vary during physiological changes, such as heat stress, disease or microbial
challenge. Kidd et al. (2003) reported that body weight and feed efficiency of microbialchallenged broilers respond linearly to threonine increments. Such responses are explained
by the fact that threonine is particularly important for maintenance of the gut. Compared with
other essential amino acids, up to 60% of the dietary threonine can be retained in the
mammalian intestine (Stoll et al., 1998; Wu, 1998). The high demand for threonine in the gut
comes partially from the synthesis of intestinal mucins. About 30% of the mucin’s amino
acid composition is composed of threonine (Lamont, 1992; Lu and Walker, 2001).
Deficiencies of dietary threonine have been shown to drastically impair intestinal mucin
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synthesis and consequently reduce gut barrier function (Ball et al. 1999, Faure et al., 2005).
Furtheremore, Law et al. (2007) have reported that oral feeding of threonine-deficient diets
specifically reduces intestinal mass, number of goblet cells, and mucin content; this effect
cannot be fully reversed by providing threonine intravenously. Thus, adequate dietary
threonine levels are of foremost importance to maintain integrity of gut epithelium and
mucus barrier function.

Functions of the mucus blanket
The general functions associated with the mucus layer are the protection and lubrication
of the epithelia (Corfield et al., 2000); however, recent studies have opened new insights into
the importance of the mucus blanket in health and disease. Most of the knowledge about the
functions and dynamics of the mucus layer come from research performed in germ free
animals. In mammals for example, mucus may participate in fetal development, epithelial
renewal, differentiation and integrity, carcinogenesis, and metastasis (Corfield et al., 2001;
Liévin-Le Moal and Servin, 2006). The mucus blanket also acts as an interface for molecule
transport between the luminal contents and the enterocytes. Before entrance into circulation,
some of the nutrients, such as amino acids, are first catabolized here (Wu, 1998). Thus, the
mucus layer has a major role in nutrient absorption and its development depends on the
actual presence of nutrients (Smirnov et al., 2004; Smirnov et al., 2005).
There is additional evidence of the dramatic changes in goblet cell function and in the
chemical composition of the mucus layer in response to variations in the normal microbiota
and colonization of enteric pathogens (Deplancke and Gaskins, 2001b). The sole presence of
bacteria can increase by two fold the thickness of the mucus layer, and make goblet cells
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larger and more numerous in conventionally raised mice versus germ free mice (Kandori et
al., 1996; Wu, 1998). These mucin glycoproteins can play a dual role depending on the type
of bateria. Because of the high content of carbohydrates (about 80%), they create a galactoserich environment that sustains the growth of symbiotic microbiota, such as Lactobacilli and
bifidobacteria. Mucins protect the epithelium by binding some toxins and chemical irritants
commonly produced by pathogenic bacteria such as Salmonella (Mead, 2002; Nataro et al.,
2005). It also has been reported that inoculation of broiler chicks with mycotoxins,
expecifically Fumonisin B1, causes a sudden hyperplasia of goblet cells and rapid increase in
mucus secretion (Brown et al., 1992), suggesting mucin involvement in host protection
during mycotoxin infection. Thus, the mucus layer is considered the frontline of enteric
defense, and its functionality relays on adequate dietary levels of essential amino acids.

Gut health assessment
The functional efficacy of the mucus layer can be compromised in pathological states that
affect its physical and chemical properties, stability in vivo, as well as the layer’s thickness.
Measurements of the mucus blanket thickness are a good indicator of the pathogenic effect
on the intestinal wall (Strugala et al., 2007). Because water accounts for 95% of the mucus
blanket (Nataro et al., 2005), it is nearly impossible to observe and measure the mucus layer
thickness by conventional techniques that require tissue dehydration (e.g. electron
microscopy, histomorphometry). Characterization of the normal mucus layer and the
determination of how it is affected by disease and dietary intervention, should consider mild
fixation techniques or in vivo measurements (Atuma et al., 2001; Strugala et al., 2007).
However, real time macroscopic analyses frequently are essential to ensure that timely
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decisions can be made in poultry production. A gut health survey, as the one proposed by
Collett (2005) (Table 11), may help correlate macroscopic gut characteristics with the
information obtained by molecular techniques to better understand gut health, disease and
performance on the farm (Collett, 2007).

FIGURE 8. The mucus blanket: Interaction of the luminal contents with the mucous blanket along the
digestive tract (Figure modified and redrawn from Vitapoie, 2006).

1.4.3. The relationship between the GIT and the gut microflora
Establishment of micro flora in the chick’s GIT
The largest surface of the body exposed to bacteria is the mucus blanket covering the
delicate GIT epithelium. It harbors and interacts with a tremendous population of
microorganisms. For example, it has been estimated that the GIT of an adult pig can be
populated by more than 500 bacterial species, reaching 1011 cfu per gram of intestinal
contents and totaling 10-fold more cells than the actual number of cells present in the pig’s
body (Van Kessel et al., 2004). Advances in molecular techniques, such as the sequencing of
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16S ribosomal RNA (rRNA) genes, have recently opened the door for exploration of the gut
flora composition and its dynamic fluctuations in response to changes in the external milieu
(e.g. age, nutrition or disease) (Hooper and Gordon, 2001).
In poultry, a diverse microflora develops throughout the GIT and is most extensive in the
caeca (Barnes, 1972; Zhu et al., 2002). These microorganisms have been broadly
distinguished into two groups. First are those microorganisms that colonize the gut as a
result of normal feeding activities of the bird, otherwise known as autochthonous, which can
be either pathogenic or symbiotic (Gusils et al., 1999; Nataro et al., 2005). Second are the
allocthonous bacteria, which are exogenous microorganisms introduced into the GIT as
direct-fed microbials (DFM) or probiotics (Fooks and Gibson, 2002; Chichlowski, 2006).
Unless allocthonous bacteria have been introduced in ovo during late incubation (Edens et
al., 1997), autochthonous bacteria will initially colonize the GIT of the bird at hatch.
Symbiotic and pathogenic bacteria will battle to become the dominant bacterial community,
and DFM or probiotics can shift the balance in favor of the non-harmful bacteria (Lan et al.,
2005a).
Because the hatchling is naturally provided with antibodies against specific pathogens to
which its mother has been exposed, symbiotic bacteria have a significant advantage in
colonizing the chick’s GIT during the first few days post-hatch (Yokoyama et al., 1992b; Sim
et al., 2000). Interestingly, it has been shown that during this same period (up to 4 days posthatch) the functionality of the chick’s GALT is geared towards tolerance rather than response
(Klipper et al., 2001), which may encourage further establishment of symbiotic bacteria.
After this tolerance period, mature lymphoid cells that have been exposed to antigens migrate
from the bursa and thymus to guard the GIT lumen and other body surfaces. By then, the bird
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must rely on a different mechanism to differentiate between noxious and innocuous antigens
from the different groups of bacteria (Sklan, 2004). Toll-like receptors (TLRs) found in the
epithelial cell’s membrane have emerged as key players in bacterial recognition. TLRs
recognize molecular patterns, either pathogen- or commensal-associated, that are shared by
large groups of gut microorganisms (Rock et al., 1998; Kelly, 2004; Abreu et al., 2005).
However, little is known about the thin line that divides tolerance from response to bacteria
in the chicken’s GIT (Sklan, 2004).
What it is clear is that once symbiotic bacteria have entered the GIT, they immediately
develop an intimate association with the GIT, resulting in the establishment of a complex and
dynamic ecosystem (Nurmi et al., 1992b; Lan et al., 2005a; Nataro et al., 2005; Liévin-Le
Moal and Servin, 2006). Large numbers of anaerobic bacteria are first encountered in the
caecal flora of the chick, just hours after hatch (Mead and Adams, 1975). Around four days
post-hatch, populations of Streptococci and Enterobacteria can be detected in the small
intestine and caecum (Mead and Adams, 1975). After the first week, Lactobacilli have
dominated the small intestine and large groups of anaerobes share the caecum with lower
numbers of aerobes (Salanitro et al., 1978; Sklan, 2004). These pioneer bacteria can
modulate the expression of genes present in the intestinal epithelial cells to create a favorable
habitat for themselves and prevent growth of opportunistic bacteria introduced later in the
ecosystem (Hooper et al., 2001). The establishment of homeostatic ecosystem of bacteria in
the chicken’s GIT can take up to 30 days, depending on various factors such as diet or the
house microflora (Sklan, 2004). Therefore, the initial colonization is remarkably relevant to
the final composition of the permanent microflora in adult birds.
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Common interactions between micro flora and the chicken’s GIT
Gnotobiotic or “germ-free” animals have been the greatest contributors to our current
understanding of the relationships between host and bacteria (Gordon and Pesti, 1971;
Thompson and Trexler, 1971). It has been well-documented that the absence of bacteria has
profound effects on the intestinal structure and function, such as reduced mass per unit
length, increased villi height and reduced villi width, increased villus:crypt ratio, reduced
water absorption, and increased luminal pH (Thompson and Trexler, 1971; Wostmann, 1996;
Mcfall-Ngai, 1998). Additionally, germ free animals have slower or suppressed maturation
and characterization of the GALT (Thompson and Trexler, 1971; Gordon et al., 1997; Foster
and McFall-Ngai, 1998; Liévin-Le Moal and Servin, 2006). In the chicken, the
morphological adaptations occur during the first few days of life, and the symbiotic bacteria
must shape the host’s GIT in order to allow the development of synergistic relationships.

Bacteria effects on the mucus blanket
Bacterial adaptations of the villi cause direct effects on the goblet cell dynamics and the
mucus blanket via the local release of bioactive factors, or indirectly via activation of host
immune cells (Deplancke and Gaskins, 2001b; Shirkey et al., 2006). The degree of this
response fluctuates along the digestive tract (Kandori et al., 1996). For example, in the colon
of conventionally-raised mice, the mucus blanket can be up to twice the thickness of germfree rodents. However, in the small intestine of germ-free pigs, mice and dogs, there is
increased mucus secretion and a larger number of goblet cells (Kandori et al., 1996;
Wostmann, 1996). Because mucus also affects nutrient absorption, the reduced thickness of
the mucus blanket in the foregut may be an adaptive mechanism of the GIT to allow feed
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passage and secure nutrients for bacterial colonies, which are more numerous in the caecum
and rectum of the chicken (personal observation).
Bacterial colonization also regulates expression of mucin-secreting genes as well as the
composition of the actual mucus secreted. For example, co-incubation of enteropathogenic E.
coli with a line of mucus-secreting cells did not affect the expression of genes responsible for
mucus secretion (MUC 2 or MUC 3); however, when the same line of epithelial cells were
cultured with Lactobacillus plantarum, there was an increase in the expression of these genes
and subsequent mucus secretion (Mack et al., 1999), which may provide the necessary
glycoconjugates for Lactobacillus to attach to the mucus blanket and competitively exclude
pathogenic bacteria. Furthermore, mucus secretion can be indirectly regulated by the release
of pro-inflammatory cytokines triggered in response to pathogenic bacteria (Van Kessel et
al., 2004). These pro-inflammatory cytokines are able to up-regulate mucus secretion and
even reduce the degree of the mucin glycosylation (Enss et al., 2000). Because bacteria
nourish on glycoconjugates present in mucins (Liévin-Le Moal and Servin, 2006), reduced
glycosylation of mucin proteins may discourage attachment and reproduction.

Bacteria effects on nutrient metabolism
If analysis of bacterial effects on the physical structure of the GIT has been complicated,
one can imagine the difficulties of understanding the function of bacteria in nutrient
absorption, considering the diversity of microbial colonies and their sensitivity to exterior
stimuli (e.g. age, diet, stress, temperature) and intricate relationships within GIT (e.g.
immune state, symbiotic relationships among bacteria, presence of virus). However,
ingenious experiments that integrate various disciplines are beginning to yield results about
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the bacterial effects on the host’s nutrient metabolism (Simon et al., 2004) that will
eventually elucidate the actual functions of the microbial ecosystems in the gut.
A major metabolic effect associated with the presence of enteric microflora is the
fermentation of non-digestible dietary residue and endogenous mucus produced by the
epithelium (Roberfroid et al., 1995). The fermentation of non-digestible residues include
large polysaccharides (resistant starches, cellulose, hemicellulose, pectins, and gums), some
oligosaccharides that escape digestion, and unabsorbed sugars and alcohols, produce shortchain fatty acids (SCFA), which are then converted to more complex lipids in the liver
(Topping and Clifton, 2001). Recent research conducted on germ-free mice and humans has
shown that certain groups of intestinal microflora that are capable of producing SCFA
through fermentation can also regulate the expression of host genes that promote the
deposition of lipids in adipocytes (Backhed et al., 2004). As a result, dramatic increases in
body fat can occur within short periods of time despite an associated decrease in food
consumption (Backhed et al., 2004; Backhed et al., 2005). In essence, the microbiota of
obese individuals may be more efficient at extracting energy from a given diet than the
microbiota of lean individuals (Turnbaugh et al., 2006). The same principle could be
potentially applicable to the poultry industry to modulate feed efficiency and fat deposition in
the carcass. SCFA are not only fuel for host cells (Cook and Sellin, 1998), but also have been
shown to discourage pathogenic bacteria colonization in turkeys (Santos Jr., 2005).
Aditionally, researchers have demonstrated that enteric microorganisms can affect
vitamin synthesis (Conly et al., 1994; Hill, 1997), and absorption of calcium, magnesium,
and iron (Roberfroid et al., 1995; Miyazawa et al., 1996). However, because the nature of
what actually constitutes a "normal" animal microflora remains poorly understood (Mcfall-
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Ngai, 1998), the actual functions of bacteria during nutrient absorption have not been
described.

The competitive exclusion principle
The best example of the synergistic relationship GIT-microflora is the protection
provided by the bacteria in exchange of some nutrients from the mucus blanket. Symbionts
and pathogens compete for the attachment sites and nutrient availability at the brush border
of intestinal epithelial cells (Bernet et al., 1994). The symbiotic type can inhibit the growth of
their competitors by reducing the luminal pH (e.g. Lactobacilli) and by producing
antimicrobial substances also known as bacteriocins (Ji et al., 1997). Nurmi and Rantala
(1992) termed this phenomenon as the competitive exclusion concept, when they found that
it was possible to control Salmonella infection in chicks by inoculating them with intestinal
contents from adult fowl (Rantala and Nurmi, 1973). Thus, symbiotic bacteria are considered
a main component of intestinal health in poultry, especially during opportunistic invasion of
pathogens of economic importance, such as Salmonella, which are major foodbornes
pathogen and a major concern for the poultry industry.

1.5. SUMMARY
The poultry industry has evolved dramatically in the last few decades, from millions of
backyard flocks to very few highly-specialized totally-confined and integrated systems.
Management practices, genetic selection and nutrition of the flocks have been remarkably
improved to keep up with the production goals required to feed a continuously growing
population without compromising animal welfare. However, along with progress new

45

challenges have arisen, including higher stock densities, litter reutilization and health
problems. Such conditions have created the potential for pathogenic microbial colonization in
modern birds.
The modern broiler chicken is characterized by: (1) genetic selection for growth, feed
efficiency and meat production rather than disease resistance; and (2) the breeder’s lack of
exposure to pathogens, which results in reduced and delayed adaptive immune response of
the progeny, especially during the first week after hatch. As a result, modern strains of broiler
chickens are more susceptible to invasion of pathogens. Poultry species are considered a
major reservoir of Salmonella spp, which negatively affects the poultry industry because of
poor animal performance, health and welfare, and increases the potential of contaminated
product entering the human food chain. Salmonella is also a major foodborne pathogen that
affects more than 4 million people in the U.S. Thus, Salmonella needs to be controlled at the
farm level to prevent contamination of poultry products, reduce the negative effects on the
poultry industry and maintain animal welfare.
A combination of strategies, environmental as well as nutritional, may be the best
approach to cope with the negative impact of Salmonella to the poultry industry.
(1) Passive immunity can be encouraged by oral administration of specific antibodies and
thereby prevent pathogenic colonization of the gastrointestinal tract during the first couple of
weeks of the bird’s life. Hyper-immunized hens can be used to produce antibodies specific to
certain pathogens, and by feeding these egg antibodies to the hatchling to promote passive
immune protection.
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(2) Because the intestine is the primary place of nutrient absorption and contains the
largest concentration of immune cells in the chicken, enteric health directly correlates with
the ability of the chicken to achieve its genetic capacity for growth and feed efficiency.
(3) The establishment of a stable microflora ecosystem in the gut of a hatchling will help
competitively exclude the colonization of pathogens, such as Salmonella. Gut commensal
microorganisms also affect the modulation of the innate immune function and structure of
immune defense. Because birds inoculate themselves naturally by ingesting material from
their environment, the litter may play a more complex role than solely floor bedding.
(4) Commensal microorganisms partially depend on nutrients provided by the intestinal
epithelia through the mucosal blanket, which not only serves as a food source but also
facilitates the role of commensal bacteria by acting as a physical barrier that prevents the
adhesion of pathogenic bacteria to the epithelium. Several researchers have shown that the
mucus blanket thickness increases during Salmonella infection to provide a non-immune
protection against the pathogen invasion. This physical barrier provided by the mucus
blanket is mainly composed of the structural glycoprotein mucin, which is known to possess
high levels of threonine. Thus, increasing dietary threonine levels may lessen the effects of
Salmonella colonization in modern strains of chickens by maintaining the structure of the
mucosal blanket and encouraging colonization of commensal gut microflora.
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CHAPTER II

GROWTH PERFORMANCE OF SALMONELLA-CHALLENGED BROILERS FED
STANDARD AND HIGH THREONINE DIETS SUPPLEMENTED WITH EGG
IMMUNOGLOBULINSϒ

ϒ

The use of trade names in this publication does not imply endorsement by the North
Carolina Agriculture Research Service or the North Carolina Cooperative Extension Service
of the products mentioned nor criticism of similar products not mentioned.

2.1 ABSTRACT
The adverse effects of Salmonella colonization on the growth performance of broilers
may be reduced by dietary supplementation of threonine (THR) and/or yolk
immunoglobulins (IgY) from hens hyperimmunized with Salmonella antigens. Male Ross
308 broilers were randomly assigned to 32 litter floor (L) pens in a curtain-sided house or 32
cages (C) in a total confinement house (25 birds/pen or cage). All birds were orally
inoculated with 106 cfu of a mixture of S. enterica subsp. at 3 d of age. Birds were assigned
to 4 dietary treatments consisting of a 2 X 2 factorial (TRH at 64% or 75% of lysine; 0 or
5.4% IgY). Body weights (BW), feed/gain (FCR) and % mortality rate (MR) were
determined at 14, 28, and 42 d. At 42 d, birds on L had greater BW (2736 vs 2668g, P<0.05)
and lower FCR (1.841 vs 1.935, P<0.05) than those raised in C; however, there was a
significant house by TRT effect on growth performance and MR. In L, only IgY increased
BW by 4% at 14 d (P<0.05). TRT effects were more evident in C. There was a significant
THR X IgY effect on 14 d FCR. Among standard THR birds, IgY reduced 14 d FCR (1.517
vs 1.352, P<0.01), whereas IgY had a marginal effect among the high THR birds (1.470 vs
1.455). However, IgY adversely affected 42 d BW (2697 vs 2639g, P<0.05) and FCR (1.890
vs 1.981, P<0.05). A significant THR X IgY effect was observed on MR through 42 d. IgY
significantly reduced MR of birds fed the standard THR diets (20.1 vs 9.21%, P<0.05) but
not among birds fed the high THR diets (8.13 vs 14.7%, P>0.05). IgY supplementation
during the starter phase of Salmonella-challenged broilers enhances growth performance and
livability, but this effect can be quenched by dietary THR at 75% of lysine.

Keywords: broilers, Salmonella, growth performance, threonine, immunoglobulins
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2.2 INTRODUCTION
During the last 50 years, the US poultry industry has evolved dramatically from millions
of small backyard flocks to less than 50 highly specialized, vertically-integrated agribusiness
firms (USDA, 2002). Along with this progress, new challenges have arisen, including
increased poultry density, litter reutilization and health problems related to rapid growth
(Dekich, 1998; Dudley-Cash, 2001). Such conditions have created the potential for
pathogenic microbial colonization in birds (i.e. Salmonella spp) as their metabolic resources
are directed more towards productivity rather than immune defense (Lochmiller and
Deerenberg, 2000). However, minimizing the exposure to bacterial pathogens, such as
Salmonella spp., is difficult without resorting to major changes in management practices (i.e.
cage systems for broilers). Therefore, new strategies to manage emerging food safety issues
in intensively raised animals are necessary to satisfy consumer demands for an affordable
and safe food supply (Cook, 2000).
Salmonella accounts for about 30% of the food-borne illnesses and 31% of the foodrelated deaths, affecting about 1.5 million people every year in the United States (Mead et
al., 1999). According to Frenzen et al. (1999), the economic impact of Salmonellosis is
estimated to be about 0.5 to 2.0 million dollars per year, with contaminated poultry products
being one of the main sources. In fact, it is estimated that about 20% of the Salmonellosis
cases are related to the consumption of poultry products, particularly eggs (Schroeder et al.,
2000). However, colonization of Salmonella in poultry is also a matter of animal welfare and
economic concern for the industry because of its adverse effects on enteric health, growth
performance, livability, and meat yield (Blankenship et al., 1993; Corrier et al., 1999).
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To prevent pathogenic colonization of chickens, considerable effort has been made to
maintain Salmonella-free environments in modern productions. According to Cook (2000),
broiler breeder hens transfer antibodies via the yolk sac to the chick, providing passive
immunity against those pathogens to which the breeders had been exposed. Therefore,
eliminating exposure of broiler breeder hens to this bacterium will result in a lack of passive
Salmonella immunity of the chick. Several authors have reported positive effects of dietary
supplementation of yolk immunoglobulins (IgY) on the growth performance and livability of
dairy calves and piglets (Yokoyama et al., 1992; Coleman, 1999; Marquardt et al., 1999). In
addition, attachment of Salmonella typhimurium to murine intestinal epithelial cells in vitro
has been significantly reduced by dietary supplementation of unfractioned egg yolk, from
hens immunized against S. typhimurium (Deignan et al., 2001). The egg yolk contains over
100mg of IgY and is considered to be a more hygienic and economical source of antibodies
than those from mammalian sera (Kovacs-Nolan and Mine, 2004). Additionally, about 40g
per year of IgY could be collected from an immunized layer hen compared with 1.3g from a
rabbit (Zeidler, 1998).
Alternatively, the intestinal brush border also provides non-immune protection against
Salmonella colonization by increasing production of mucus in response to the presence of
bacteria (Arnold et al., 1993; Falk et al., 1998; Lu and Walker, 2001). The physical barrier
provided by mucus is mainly composed of the structural glycoprotein mucin, which is known
to possess high levels of threonine (Lu and Walker, 2001; Lu et al., 2003). Faure et al. (2005)
reported that restriction of dietary threonine (THR) significantly and specifically impairs
intestinal mucin synthesis. In addition, Kidd et al. (2003) found that microbial-challenged
broilers have a higher THR requirement. Therefore, the adverse effects of Salmonella spp.
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colonization on the growth performance of broilers may be reduced by dietary
supplementation of THR and/or IgY from hens hyper-immunized with Salmonella antigens.
The purpose of the present research was to evaluate the effect of feeding diets containing
standard or high levels of threonine, with or without egg IgY, on the growth performance of
litter- and cage-reared broilers challenged with Salmonella enterica.

2.3 MATERIALS AND METHODS
Yolk immunoglobulin source
The source of yolk immunoglobulins used in this study was Camas IgY2, a liquid whole
egg product from laying hens, hyper-immunized with sub-cellular immunogens from
different strains of Salmonella. Camas IgY contains multi-valent immunogens made from O
antigens, H antigens, K antigens and adherent antigens and provides 0.2 mg of IgY per ml of
product. Camas IgY was supplemented at a level of 5.4% of the diet, providing a
concentration of 10.8mg of IgY per kg of feed3.

Diets
The experimental diets are presented in Tables 2 to 4. Four dietary treatments were
arranged as a 2 X 2 factorial, with two levels of dietary threonine (THR) (64% and 75% of
lysine) and two levels of liquid whole egg product CAMAS IgY (IgY) (0% and 5.4% of the
diet). When dietary threonine was formulated to be 64% of lysine, no additional threonine
was added to the corn-soy diet. CAMAS IgY product was included at 5.4% of the diet to

2
3

CAMAS, Inc. Le Center, MN
Samples analysis performed by the NCDA&CS feed analysis laboratory
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provide 10 mg of IgY per kg of feed (Tables 2 - 4).
All feeds were formulated using least-cost linear programming software, such that the
diets met or exceeded the NRC recommendations for amino acids and energy (NRC, 1994).
All feed was pellet-processed and fed in crumble form up to 42 days of age. The pelletprocessed temperature was 80°C to ensure that IgY remained intact and active. Composite
feed samples from each diet were taken immediately after manufacture and subjected for
analysis for crude protein, fat, ash, calcium, and phosphorus4.

Housing system
Two types of housing systems, a traditional experimental litter floor house and a
Broilermatic®5 cage system were used. The traditional housing type was a litter floor house
with 32 pens (3.81 x 1.17 m/pen). Each pen floor was bedded with fresh pine wood shavings.
This house was naturally ventilated by adjustable curtains on the sides. Two bucket tube
feeders (0.32 m2 of feeder space) and one hanging drinker were installed per pen. In contrast,
the Broilermatic® cage system (1.93 x 1.19 m/cage) was in a power ventilated house and 32
cages where used for the experiment. The cage flooring was a soft nylon trampoline mesh
supported by metal bars. Each cage was equipped with two lateral galvanized tray feeders
(0.38 m2 of feeder space) and four nipple drinkers. Room temperature in both houses was set
at 35ºC on the day of placement and then reduced 3ºC per week until the third week of age,
after which the temperature was maintain at a constant level. The houses were illuminated
with incandescent lights at about 50 lux on a continuous basis.

4
5

Samples analysis performed by NCDA&CS feed analysis laboratory
Farmer AUTOMATIC of America, Inc. Register, GA.
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Bird husbandry
Eight-hundred day-old (Ross 308) feather-sexed male chicks were randomly distributed
among 32 pens or cages per house, such that 25 birds were housed per pen or cage. The
experimental units (pen or cages) were randomly assigned to one of the 4 dietary treatments.
The experimental treatments were randomized within the houses in 4 blocks to account for
error due to differences in temperature, light, or house position; each block consisting of a
row of 8 cages per experimental block. Thus, each treatment was replicated by 8 cages or
pens of 25 birds. The treatments were formulated as: 1) standard threonine (64% of lysine)
without dietary inclusion of CAMAS IgY, 2) standard threonine (64% of lysine) with
CAMAS IgY (included as 5.4% of the diet), 3) high threonine (75% of lysine) without
dietary inclusion of CAMAS IgY, and 4) high threonine (75% of lysine) with dietary
supplementation of CAMAS IgY (included as 5.4% of the diet). The feeding program was
divided into 3 phases depending on the age of the birds: starter (from 1 to 14 d), grower
(from 15 to 28 d) and finisher (29 to 42 d).
At placement, all birds were individually identified with neck tags. At 3 d of age, the
chicks were individually challenged by oral inoculation with 1 ml of a cocktail containing
106 CFU of a mixture of Salmonella enterica subspecie enterica serotypes Typhimurium,
Heilderburg, Newport and Kentucky. Fecal samples were collected 3 days after inoculation
from each house and cultured to ensure Salmonella colonization. Feed and water were
provided ad libitum throughout the entire study. Mortality was weighed and recorded daily so
that an appropriate adjustment to feed conversion could be made.
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Data collection
Average body weights (BW), feed intakes (FI), feed:weight gain ratios (FCR), and
mortality rates (MR) were determined at 14, 28, and 42 days of the bird’s age. Two birds per
cage or pen were weighted and euthanized by cervical dislocation at 14, 28 and 42 days of
age. A pooled sample of cecal contents from these 2 birds per pen or cage was used for
Salmonella population analysis. Populations of Salmonella for each sample were determined
using the most probable number (MPN) technique (BAM, 2006) and the Thomas’
approximation (Swanson et al., 2001; Santos et al., 2005).

Statistical analysis
All data were analyzed using the general linear models procedure for analysis of variance
(ANOVA) of SAS (SAS, 2005). The Model used by house was Yijklm = µ + Bi +Tj + Ik +
Tj*Ik + Hl + εijklm; where, Bi = Block location in the house, Tj = Threonine effect, Ik = IgY
effect, Hl = House effect and εijkl = Error term. Groups of birds within cages and pens served
as the experimental units for statistical analysis. Variables having a significant F-test were
compared using the Tukey’s test function of SAS (2005), and the treatment effects were
considered to be significant at P<0.05. Mortality data were transformed to arc sine of the
square root percentage data distribution before statistical analysis.

Animal ethics
Birds were managed according to normal husbandry practices and the experiments were
conducted according to the guidelines of the Institutional Animal Care and Use Committee
(IACUC) of North Carolina State University.
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2.4 RESULTS
Performance
Broilers raised in the litter house showed better growth performance than those in the
Broilermatic® cages system. Although bird feed intake was significantly (P<0.002) higher in
the birds reared in cages, body weight average at 42 days of age of broilers reared on litter
floors was 80 grams higher (2,748 g vs. 2,668 g, P<.001) (Table 5). Thus, accumulated
feed:gain ratio from 1 to 42 days was significantly reduced when the birds were reared on
litter floors (1.836 vs. 1.935 g/g, P<.001) (Table 5). Significant (P<0.05) housing X dietary
treatment interaction effects on body weight and mortality rate were observed, although
treatment effects were more evident in the cage house. Therefore, the results are presented by
housing system.
Among the birds housed in the Broilermatic® cages system, there was a significant
(P<0.05) THR X IgY interaction effect on feed:gain ratio from 1 to 14 d. Among the birds
fed standard dietary THR (64% of lysine), the dietary IgY supplementation markedly
reduced feed:gain ratio (1.557 vs. 1.352 g, P<0.05) , whereas among the birds fed the highthreonine diets (75% of lysine), dietary IgY supplementation had a marginal effect on feed
conversion (Table 6). However, dietary IgY supplementation negatively affected body
weight at 42 days (2.697 vs. 2639 g, P<0.02) and feed:gain ratio (1.890 vs. 1981 g/g,
P<0.001) (Table 7).
Although dietary IgY supplementation did not have a positive effect on the growth
performance of Salmonella-challenged birds after 14 days of age, a highly significant THR X
IgY effect (P<0.05) was observed on mortality rate throughout the experiment (Table 8).
Indeed, at 14 days of age, dietary IgY supplementation completely suppressed MR of birds
73

fed the standard THR diets (3.0% vs. 0%, P<0.5). Through to 42 days, MR was significantly
reduced by dietary IgY supplementation (20.09% vs. 9.21%, P<0.02), though not among
birds fed the high THR diets (8.13% vs. 14.7%). Therefore, dietary supplementation of IgY
during the starter phase of Salmonella-challenged broilers positively affects their growth
performance and livability, but this effect can be quenched by THR at 75% of lysine.
Similar results were found in the litter house, where dietary IgY supplementation
significantly (P<0.05) suppressed body weight at 42 days of age (2,796 g vs. 2,699 g,
P<0.002) and increased 1-42 d feed:gain ratio (1.794 vs. 1879 g/g, P<0.001) (Table 7).

Salmonella colonization
There was a significant difference (P<0.05) in the Salmonella colonization levels at 14
days of age (Figure 9) between housing systems. Log10 CFU of Salmonella spp. per gram of
cecal content was lower in the birds raised in the Broilermatic® cages system (6.452 vs.
5.142, P<0.05) than those raised in the litter floor house. However, this difference dissipated
over time and disappeared by 42 days of age. Treatment effects on Salmonella colonization
levels were not evident in any of the evaluated ages (P>0.05).

2.5 DISCUSSION
There were a significant (P<0.05) difference in the growth performance between caged
and litter floor housed birds subjected to a Salmonella challenge (Table 5). This difference
may be partly attributed to competitive exclusion effects against Salmonella colonization by
commensal microflora in the litter (Nurmi et al., 1992; Blankenship et al., 1993; FedorkaCray et al., 1999). Ferket (1991) hypothesized that as the number of species of
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microorganism in the mucosal blanket of the poultry intestine increases, the ability and
stability of the overall microbial population to cope with minor changes in the intestinal
environment will also increase. In agreement, Santos Jr. et al. (2006) demonstrated that
dietary treatments yielding greater number and diversity of bacterial species in turkeys
resulted in lower prevalence of Salmonella colonization.
Dietary treatment effects were more evident in the Broilermatic® cages system than in
the litter floor house. There was significant (P<0.05) IgY X THR interaction effect on 1 - 14
d feed:gain ratio (Table 6), but this effect disappeared subsequently. Although dietary IgY
supplementation was not effective during growing and finishing phase of Salmonella
challenged broilers, it had a remarkable effect on reducing mortality, particularly among
birds fed the standard THR (64% lysine) diets (20.1% vs. 9.2%, P<0.05) (Table 8).
As hypothesized, high levels of dietary THR was found to be beneficial in broilers
subjected to an enteric challenge (ie. Salmonella enterica). Dietary THR levels formulated at
75% of lysine significantly reduced mortality (Table 8). This effect is in agreement with
previous results reported by Kidd et al. (2003), who demonstrated that microbial-challenged
birds have a higher threonine requirement. The mucus gel layer coating the surface of the
intestinal epithelium is the first major barrier to enteric infection (Liévin-Le Moal and Servin,
2006). Hence, the production of mucus by the enteric mucosa is an important feature that
helps resist the colonization of enteric pathogens that cause enteric disease and malabsorption
(Falk et al., 1998; Ferket, 2004). Faure et al. (2005) indicated that restriction of dietary
threonine specifically impairs intestinal mucin synthesis, since mucin protein is made up of a
greater amount of threonine than muscle and other structural proteins. During times of
increased microbial challenge of the enteric mucosa, the demand for mucin synthesis is
75

higher, thus raising the systemic threonine requirement. Hence, any compromise in dietary
threonine availability may limit intestinal mucin synthesis and consequently reduce mucin’s
gut barrier function.
Growth performance was not improved by high dietary threonine levels (75 % of Lysine)
(Table 6, 7). According to Smith and Waldroup (1988), total THR supplementation levels
higher than 0.68% (72% of Lysine) in broilers raised in electrically heated battery brooders,
showed no further improvements in gain up to 21 days of age. The maximum utilization of
total dietary THR was estimated at 0.79% (83% of Lysine), which agrees with the 0.8%
requirement suggested by the National Research Council (NRC, 1994). Higher dietary
inclusion of THR in high crude protein diets may result in higher nitrogen excretions and
acid-base imbalances (Kidd and Kerr, 1996).
In conclusion, growth performance of broiler chickens is enhanced when reared on litter
floors, although they may be more susceptible to enteric challenges (e.g. Salmonella
enterica) during the starter phase compared to their caged counterparts. Dietary inclusion of
threonine (75% of lysine) or yolk immunoglobulins may be a viable way to reduce mortality
of broilers subject to enteric challenges. Integrating nutritional and environmental strategies
may help to reduce the negative effects of Salmonella on the growth and livability of broilers.
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2.6 TABLES AND FIGURES
TABLE 2. Composition and calculated nutrient content of the experimental diets fed to
Salmonella-challenged broilers from 1 to 14 days of age (Starter).
Starter (1-14 d)
Ingredients

LT-C1

HT-C2

LT-IgY3

HT-IgY4

%
Corn, Grain
CAMAS-Egg
Poultry BP Meal
Soybean Meal -48%
Poultry Fat
Limestone
Dicalcium Phosphate
Salt
Vitamin Premix 5
Mineral Premix 6
Choline Chloride (60%)
DL-Methionine
L-Lysine HCl
Threonine
Selenium Premix 7
Total
Calculated Analysis
ME (Kcal/kg)
Protein (%)
Calcium (%)
Avail. Phosphorus (%)
Sodium (%)
Lysine (%)
Methionine + Cysteine (%)
Threonine (%)

64.80
0.00
5.00
22.70
3.41
1.20
1.45
0.40
0.10
0.20
0.20
0.18
0.21
0.00
0.10
99.94

65.00
0.00
5.00
22.30
3.45
1.20
1.45
0.40
0.10
0.20
0.20
0.19
0.23
0.16
0.10
99.98

64.30
5.40
5.00
20.20
1.20
1.16
1.35
0.37
0.10
0.20
0.20
0.16
0.21
0.00
0.10
99.95

64.30
5.40
5.00
20.00
1.25
1.16
1.36
0.37
0.10
0.20
0.20
0.16
0.22
0.15
0.10
99.97

3200
20.30
1.00
0.45
0.22
1.20
0.90
0.75

3200
20.30
1.00
0.45
0.22
1.20
0.90
0.90

3200
20.25
1.00
0.45
0.22
1.20
0.90
0.75

3200
20.30
1.00
0.45
0.22
1.20
0.90
0.90

1

LT-C = Low Threonine-Control. Threonine - Lysine ratio = 0.64. Neither threonine nor Camas IgY was added to the corn-soy diet.
HT-C = High Threonine-Control. Threonine - Lysine ratio = 0.74. No Camas IgY was added to the corn soy diet.
3
LT-IgY = Low Threonine-Camas IgY. Threonine - Lysine ratio = 0.64. No threonine was added to the corn-soy diet. Camas IgY product
added at 5.4% of diet.
4
HT-C = High Threonine-Camas IgY. Threonine - Lysine ratio = 0.74. Camas IgY product added at 5.4% of diet.
5
Supplied the following per kilogram of feed: vitamin A, 13,200 IU; cholecalciferol, 4,000 IU; niacin, 110 mg; pantothenic acid, 22
mg; riboflavin, 13.2 mg; pyridoxine, 7.9 mg; menadione, 4 mg; folic acid, 2.2 mg; thiamin, 4 mg; biotin, 0.253 mg; vitamin B12, 0.04
mg; ethoxyquin, 100 mg; selenium, 0.30 mg. The vitamin E premix provided the necessary amount of vitamin E as DL-α-tocopheryl
acetate.
6
Supplied the following per kilogram of feed: 120 mg Zn as ZnSO4.H2O; 120 mg MN as MnSO4.H2O; 80 mg Fe as FeSO4.H2O; 10 mg
Cu as CuSO4; 2.5 mg I as Ca(IO3)2; 1.0 mg Co as CoSO4.
7
Selenium premix supplied 3 ppm Se as sodium selenate.
2
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TABLE 3: Composition and calculated nutrient content of the experimental diets fed to
Salmonella-challenged Broilers from 15 to 28 days of age (Grower).
Grower (15-28 d)
Ingredients
LT-C1

HT-C2

LT-IgY3

HT-IgY4

%
Corn, Grain
CAMAS-Egg
Poultry BP Meal
Soybean Meal -48%
Poultry Fat
Limestone
Dicalcium Phosphate
Salt
Vitamin Premix 5
Mineral Premix 6
Choline Chloride (60%)
DL-Methionine
L-Lysine HCl
Threonine
Selenium Premix 7
Total

71.60
0.00
5.00
17.50
2.40
1.23
0.93
0.36
0.10
0.20
0.20
0.14
0.21
0.00
0.10
99.96

71.80
0.00
5.00
17.10
2.43
1.23
0.93
0.36
0.10
0.20
0.20
0.14
0.22
0.13
0.10
99.81

70.80
5.40
5.00
15.20
0.22
1.20
0.85
0.34
0.10
0.20
0.20
0.12
0.21
0.00
0.10
99.94

70.90
5.40
5.00
15.00
0.27
1.20
0.85
0.34
0.10
0.20
0.20
0.12
0.22
0.12
0.10
100.02

Calculated Analysis
ME (Kcal/kg)
Protein (%)
Calcium (%)
Avail. Phosphorus (%)
Sodium (%)
Lysine (%)
Methionine + Cysteine (%)
Threonine (%)

3200
18.30
0.90
0.35
0.20
1.05
0.80
0.67

3200
18.30
0.90
0.35
0.20
1.05
0.80
0.79

3200
18.30
0.90
0.35
0.20
1.05
0.80
0.67

3200
18.20
0.90
0.35
0.20
1.05
0.80
0.79

1

LT-C = Low Threonine-Control. Threonine - Lysine ratio = 0.64. Neither threonine nor Camas IgY was added to the corn-soy diet.
HT-C = High Threonine-Control. Threonine - Lysine ratio = 0.74. No Camas IgY was added to the corn soy diet.
3
LT-IgY = Low Threonine-Camas IgY. Threonine - Lysine ratio = 0.64. No threonine was added to the corn-soy diet. Camas IgY product
added at 5.4% of diet.
4
HT-C = High Threonine-Camas IgY. Threonine - Lysine ratio = 0.74. Camas IgY product added at 5.4% of diet.
5
Supplied the following per kilogram of feed: vitamin A, 13,200 IU; cholecalciferol, 4,000 IU; niacin, 110 mg; pantothenic acid, 22
mg; riboflavin, 13.2 mg; pyridoxine, 7.9 mg; menadione, 4 mg; folic acid, 2.2 mg; thiamin, 4 mg; biotin, 0.253 mg; vitamin B12, 0.04
mg; ethoxyquin, 100 mg; selenium, 0.30 mg. The vitamin E premix provided the necessary amount of vitamin E as DL-α-tocopheryl
acetate.
6
Supplied the following per kilogram of feed: 120 mg Zn as ZnSO4.H2O; 120 mg MN as MnSO4.H2O; 80 mg Fe as FeSO4.H2O; 10 mg
Cu as CuSO4; 2.5 mg I as Ca(IO3)2; 1.0 mg Co as CoSO4.
7
Selenium premix supplied 3 ppm Se as sodium selenate.
2
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TABLE 4: Composition and calculated nutrient content of the experimental diets fed to
Salmonella-challenged Broilers from 29 to 42 days of age (Finisher).
Finisher (29-42 d)
Ingredients
LT-C1

HT-C2

LT-IgY3

HT-IgY4

%
Corn, Grain
CAMAS-Egg
Poultry BP Meal
Soybean Meal -48%
Poultry Fat
Limestone
Dicalcium Phosphate
Salt
Vitamin Premix 5
Mineral Premix 6
Choline Chloride (60%)
DL-Methionine
L-Lysine HCl
Threonine
Selenium Premix 7
Total

77.80
0.00
5.00
11.90
2.14
1.13
0.68
0.37
0.10
0.20
0.20
0.15
0.22
0.00
0.10
99.99

77.70
0.00
5.00
11.90
2.17
1.13
0.68
0.37
0.10
0.20
0.20
0.15
0.23
0.07
0.10
100.00

76.80
5.40
5.00
9.80
0.00
1.10
0.61
0.34
0.10
0.20
0.20
0.13
0.23
0.00
0.10
100.01

76.60
5.40
5.00
9.90
0.00
1.10
0.61
0.34
0.10
0.20
0.20
0.13
0.22
0.06
0.10
99.96

Calculated Analysis
ME (Kcal/kg)
Protein (%)
Calcium (%)
Avail. Phosphorus (%)
Sodium (%)
Lysine (%)
Methionine + Cysteine (%)
Threonine (%)

3238
16.20
0.80
0.30
0.20
0.90
0.75
0.58

3238
16.20
0.80
0.30
0.20
0.90
0.75
0.65

3238
16.10
0.80
0.30
0.20
0.90
0.75
0.58

3238
16.20
0.80
0.30
0.20
0.90
0.75
0.65

1

LT-C = Low Threonine-Control. Threonine - Lysine ratio = 0.64. Neither threonine nor Camas IgY was added to the corn-soy diet.
HT-C = High Threonine-Control. Threonine - Lysine ratio = 0.74. No Camas IgY was added to the corn soy diet.
3
LT-IgY = Low Threonine-Camas IgY. Threonine - Lysine ratio = 0.64. No threonine was added to the corn-soy diet. Camas IgY product
added at 5.4% of diet.
4
HT-C = High Threonine-Camas IgY. Threonine - Lysine ratio = 0.74. Camas IgY product added at 5.4% of diet.
5
Supplied the following per kilogram of feed: vitamin A, 13,200 IU; cholecalciferol, 4,000 IU; niacin, 110 mg; pantothenic acid, 22
mg; riboflavin, 13.2 mg; pyridoxine, 7.9 mg; menadione, 4 mg; folic acid, 2.2 mg; thiamin, 4 mg; biotin, 0.253 mg; vitamin B12, 0.04
mg; ethoxyquin, 100 mg; selenium, 0.30 mg. The vitamin E premix provided the necessary amount of vitamin E as DL-α-tocopheryl
acetate.
6
Supplied the following per kilogram of feed: 120 mg Zn as ZnSO4.H2O; 120 mg MN as MnSO4.H2O; 80 mg Fe as FeSO4.H2O; 10 mg
Cu as CuSO4; 2.5 mg I as Ca(IO3)2; 1.0 mg Co as CoSO4.
7
Selenium premix supplied 3 ppm Se as sodium selenate.
2
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TABLE 5. Growth performance from 1 to 42 days of age of Salmonella-challenged broilers
reared on litter floors or in Broilermatic® cages system.
BW
Feed Intake
Feed/Gain
House1
(g)
(g/bird)
(g:g)
1 - 42 days of age
Litter floor
Broilermatic Cages

2,748
2,668

4,792
4,913

1.836
1.935

P-value
Pooled SEM(56) 2

<0.001
12.4

0.002
26.5

<0.001
0.001

1
2

Values represent means of 32 pens (Litter floor) or cages (Broilermatic® system) containing 25 broiler chickens each.
SEM (56) = Standard error of the mean with 56 degrees of freedom, n = 64.
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TABLE 6. Effect of standard (S) and high (H) levels of dietary threonine (THR) with (-) and
without (+) YoIk Immunoglobulin (IgY) from 1 to 14 days of age on performance of
Salmonella-challenged cage-reared broilers.
BW
Feed Intake
Feed/Gain
Dietary Treatment
(g)
(g/bird)
(g:g)
1 - 14 days
of age1
THR
IgY
S
(-)
442
602
1.517a
S
(+)
451
553
1.352b
H
(-)
444
590
1.470ab
H
(+)
439
575
1.455ab
P-Value
Pooled SEM(25) 2
Main effect of THR3 and IgY 4
supplementation
THR
S
THR
H
IgY
IgY
+
Source of variation among treatments
THR
IgY
IgY * THR

0.570
2.3

0.088
6.4

0.090
0.02

446
442
443
445

577
583
596a
564b

1.435
1.463
1.494 a
1.403 b

0.344
0.672
0.127

(P-value)
0.660
0.011
0.158

0.437
0.017
0.044

a-b
Means with different superscripts within a column differ significantly (P< 0.05). There were no significant differences in chick starting
body weights at 1 d of age (41 g).
1
Values represent means of 8 cages containing 25 broiler chickens each.
2
SEM (25) = Standard error of the mean with 25 degrees of freedom.
3
Standard (S) Threonine (THR) = 64% of lysine in the diet. High (H) Threonine (THR) = 75% of lysine in the diet.
4
IgY inclusion was 5.4% of the diet, providing according to the supplier a concentration of an approximate titer of 100,000 units.
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TABLE 7. Effect of standard (S) and high (H) levels of dietary threonine (THR) with (+) and
without (-) Yolk Immunoglobulin (IgY) from 1 to 42 days of age, on performance of
Salmonella-challenged cage-reared broilers.
BW
Feed Intake Feed/Gain
Dietary Treatment
(g)
(g/bird)
(g:g)
1 - 42 days
of age 1
THR
IgY
S
(-)
2,704
4,841
1.881b
S
(+)
2,638
4,961
1.974a
H
(-)
2,689
4,855
1.900b
H
(+)
2,639
4,994
1.988a
P-Value
Pooled SEM(25) 2

0.087
12.7

0.102
28.2

<0.001
0.011

Main effect of THR3 and IgY 4
supplementation
THR
S
THR
H
IgY
IgY
+

2,671
2,664
2,697a
2,639b

4,902
4,924
4,848b
4,978a

1.927
1.944
1.890a
1.981b

Source of variation among treatments
THR
IgY
IgY * THR

0.774
0.019
0.730

(P-value)
0.652
0.019
0.858

0.330
<0.001
0.880

a-b
Means with different superscripts within a column differ significantly (P< 0.05). There were no significant differences in chicks starting
weights at 1 d of age (41 g)
1
Values represent means of 8 cages containing 25 broiler chickens each.
2
SEM (25) = Standard error of the mean with 25 degrees of freedom.
3
Standard (S) Threonine (THR) = 64% of lysine in the diet. High (H) Threonine (THR) = 75% of lysine in the diet.
4
IgY inclusion was 5.4% of the diet, providing according to the supplier a concentration of an approximate titer of 100,000 units.
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TABLE 8. Effect of standard (S) and high (H) levels of dietary threonine (THR) with (+) and
without (-) Yolk Immunoglobulin (IgY) from 1 to 42 days of age, on mortality rate (%) of
Salmonella-challenged cage-reared broilers.
Mortality Rate
Dietary Treatment
1-14 d
1-28 d
1-42 d
THR
S
S
H
H

%1

IgY
(-)
(+)
(-)
(+)

3.00a
0.00b
1.50ab
2.50ab

5.75a
2.09b
2.09b
4.18ab

20.09a
9.21b
8.13b
14.68ab

P-Value
Pooled SEM(25) 2

0.226
0.47

0.138
0.65

0.002
1.38

Main effect of THR3 and IgY 4
supplementation
THR
S
THR
H
IgY
IgY
+

1.50
2.00
2.25
1.25

3.92
3.13
3.92
3.13

14.65
11.40
14.11
11.94

Source of variation among treatments
THR
IgY
IgY * THR

0.615
0.266
0.024

(P-value)
0.589
0.589
0.018

0.147
0.505
<0.001

a-b

Means with different superscripts within a column differ significantly (P< 0.05).
Values represent means of 8 cages containing 25 broiler chickens each.
2
SEM (25) = Standard error of the mean with 25 degrees of freedom.
3
Standard (S) Threonine (THR) = 64% of lysine in the diet. High (H) Threonine (THR) = 75% of lysine in the diet.
4
IgY inclusion was 5.4% of the diet, providing according to the supplier a concentration of an approximate titer of 100,000 units.
1
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Caged birds weight
Litter housed birds weight
Salmonella in caged birds
Salmonella in litter housed birds

6.5
6.0

3500

*

+

2748

2668

5.5
5.0

*

4.5

1500

1549

1511
4.0

437

3.0

0

14

28

Age [days]

*

[grams]

500
444

2

Body weight

1000

3.5

1

2500
2000

Salmonella spp.
[Log10 CFU/g
of cecal content]

3000

42

+ and * = P<0.05

Values represent means of 32 pens or cages containing 25 broiler chickens each.
Pooled SEM (56) = Standard error of the mean with 56 degrees of freedom, n = 64
Means differ significantly (P< 0.05). + Means differ significantly (P< 0.05).

FIGURE 9. Salmonella spp. colonization1 and body weight2 at 14, 28 and 42 days of
challenged broilers and reared on litter or in cages.

84

2.7 REFERENCES
Arnold, J., G. Klimpel and D. Niesel. 1993. Tumor necrosis factor (TNF alpha) regulates
intestinal mucus production during salmonellosis. Cell Immunol. 151 (2): 336-344.
Blankenship, L., J. Bailey, N. Cox, N. Stern, R. Brewer and O. Williams. 1993. Two-step
mucosal competitive exclusion flora treatment to diminish Salmonella in commercial
broiler chickens. Poult. Sci. J. 72 (9): 1667-1672.
CAMAS. 2006. Composition of CAMAS IgY liquid whole egg product from hyperimmunized laying hens. P. R. Ferket. Le Center, MN. Jan. 2006.
Coleman, M. A. 1999. Using egg antibodies to treat diseases. In: egg nutrition and
biotechnology. J. S. Sim. Wallingford, UK, CABI Publishing.
Cook, M. E. 2000. Interplay between management and food safety studies. Feedstuffs. 72.
Corrier, D., J. Byrd, B. Hargis, M. Hume, R. Bailey and L. Stanker. 1999. Presence of
Salmonella in the crop and ceca of broiler chickens before and after pre-slaughter
feed withdrawal. Poult. Sci. J. 78: 45–49.
Deignan, T., A. Alwan, L. Malone, J. Kelly and C. O'Farrelly. 2001. Hen egg yolk prevents
bacterial adherence: a novel function for a familiar food. J. Food Sci. 66 (1): 158-161.
Dekich, M. 1998. Broiler industry strategies for control of respiratory and enteric diseases.
Poult. Sci. J. 77 (8): 1176-1180.
Dudley-Cash, W. 2001. International poultry production expected to grow beyond 2005.
Feedstuffs. 73.
Falk, P., L. Hooper, T. Midtvedt and J. Gordon. 1998. Creating and maintaining the
gastrointestinal ecosystem: what we know and need to know from gnotobiology.
Microbiol. Mol. Biol. Rev. 62 (4): 1157-1170.
Faure, M., D. Moennoz, F. Montigon, C. Mettraux, D. Breuille and O. Ballevre. 2005.
Dietary threonine restriction specifically reduces intestinal mucin synthesis in rats. J.
Nutr. 135 (3): 486-491.
Fedorka-Cray, P., J. Bailey, N. Stern, N. Cox, S. Ladely and M. Musgrove. 1999. Mucosal
competitive exclusion to reduce Salmonella in swine. J. Food Protec. 62 (12): 13761380.
Ferket, P. R. 1991. Effect of diet on gut microflora of poultry. Zootecnica Int. Jul.-Aug.: 4449.
Ferket, P. R. 2004. Raising drug-free poultry: what are the alternatives? Poult. Serv. Ind. WS,
Alberta, ED, CAN.
85

Frenzen, P., T. Riggs, J. Buzby, T. Breuer, T. Roberts, D. Voetsch and S. Reddy. 1999.
Salmonella cost estimate update using FoodNet data. Food Rev. 22: 10-15.
Kidd, M. and B. Kerr. 1996. L-threonine for poultry: a review. J. Appl. Poult. Res. 5: 358367.
Kidd, M. T., S. J. Barber, W. S. Virden, W. A. Dozier, D. W. Chamblee and C. Wiernuz.
(2003). Threonine responses in cobb male finishing broilers in differing
environmental conditions. J. MS Ag. Forest.: 1-20.
Kovacs-Nolan, J. and Y. Mine. 2004. Passive immunization through avian egg antibodies.
Food Biotech. 18 (1): 39-62.
Liévin-Le Moal, V. and A. L. Servin. (2006). The front line of enteric host defense against
unwelcome intrusion of harmful microorganisms: mucins, antimicrobial peptides, and
microbiota. Clin. Microbiol. Rev. 19(2): 315-337.
Lochmiller, R. L. and C. Deerenberg. 2000. Trade-offs in evolutionary immunology: just
what is the cost of immunity? Oikos 88 (1): 87-98.
Lu, J., S. Sanchez, C. Hofacre, J. Maurer, B. Harmon and M. Lee. 2003. Evaluation of broiler
litter with reference to the microbial composition as assessed by using 16S rRNA and
functional gene markers. App. Environ. Microbiol. 69 (2): 901-908.
Lu, L. and A. W. Walker. 2001. Pathologic and physiologic interactions of bacteria with the
gastrointestinal epithelium. Am. J. Clin. Nutr. 73 (6): 1124S-1130S.
Marquardt, R., L. Jin, J. Kim, L. Fang, A. Frohlich and S. Baidoo. 1999. Passive protective
effect of egg-yolk antibodies against enterotoxigenic Escherichia coli K88+ infection
in neonatal and early-weaned piglets. Immunol. Med. Microbiol. 23 (4): 283-288.
Mead, P. S., L. Slutsker, V. Dietz, L. F. McCaig, J. S. Bresee, C. Shapiro, P. M. Griffin and
R. V. Tauxe. 1999. Food-related illness and death in the United States. Emer. Infec.
Dis. Atlanta, GA, CDC. 5.
National Research Council (NRC). 1994. Nutrient requirements of poultry. Washington,
D.C., National Academy Press. vii, 71 p.
Nurmi, E., L. Nuotio and C. Schneitz. 1992. The competitive exclusion concept:
development and future. Int. J. Food Microbiol. 15 (3-4): 237-240.
Santos, F., X. Li, J. Payne and B. Sheldon. 2005. Estimation of most probable number
Salmonella populations on commercial North Carolina turkey farms. J. App. Poult.
Res. 14: 700–708.
Santos Jr., A. A., P. R. Ferket, F. B. O. Santos, N. Nakamura, C. Collier and H. R. Gaskins.
2006. Denaturing gradient gel electrophoresis analysis of 16S ribosomal DNA
86

amplicons to analyze changes in ileum bacterial population of turkeys fed different
diets and after infection with Salmonella spp. Int. J. Food Microbiol. In press.
SAS. 2005. SAS/STAT User's guide. Cary, NC, SAS Institute, Inc. 2: SAS Proprietary
Software Release 8.2.
Schroeder, C., A. Naugle, W. Schlosser, A. Hogue, F. Angulo and J. Rose. (2000). Estimate
of illnesses from Salmonella enteritidis in eggs, United States, 2000. Emer. Infec.
Dis. 11(1).
Smith, N. K., Jr. and P. Waldroup. 1988. Investigations of threonine requirements of broiler
chicks fed diets based on grain sorghum and soybean meal. Poult. Sci. J. 67 (1): 108112.
Swanson, K. M. J., R. L. Petran and J. H. Hanlin. 2001. Culture methods for enumeration of
microorganisms. In: Compendium of methods for the microbiological examination of
foods. F. P. Downes and K. Ito. Washington, DC, American Public Health
Association: 53–62.
USDA. 2002. Evolution of chickens raised for meat. National Agricultural Statistics Service
(NASS).
http://usda.mannlib.cornell.edu/reports/nassr/poultry/industrystructure/specpo02.pdf. Accessed Jun., 2006.
Yokoyama, H., R. Peralta, R. Diaz, S. Sendo, Y. Ikemori and Y. Kodama. 1992. Passive
protective effect of chicken egg yolk immunoglobulins against experimental
enterotoxigenic Escherichia coli infection in neonatal piglets. Infec. Immun. 60 (3):
998-1007.
Zeidler, G. 1998. Eggs vital to human and animal medicine. World‘s Poult. Sci. J. 14 (12):
33-34.

87

CHAPTER III

GROWTH PERFORMANCE, GUT HEALTH, AND FEED PASSAGE OF
SALMONELLA-CHALLENGED CHICKENS REARED ON LITTER
FLOORS OR IN CAGES ϒ

ϒ

The use of trade names in this publication does not imply endorsement by the North Carolina Agriculture
Research Service or the North Carolina Cooperative Extension Service of the products mentioned nor criticism
of similar products not mentioned.

3.1. ABSTRACT
The growth and health response of chickens to enteric pathogens, such as Salmonella
spp., may differ whether they are reared on litter floors or in cages. This difference may be
due to the degree of colonization challenge and its effect on gut health. Male Ross 308
broilers were randomly assigned to 32 litter floor (L) pens in a curtain-sided house or 32
cages (C) in a total confinement house (25 birds/pen or cage). All the birds were orally
inoculated with 106 cfu of a mixture of S. enterica spp. at 3 d of age.

Salmonella

colonization levels (S), body weights (BW), feed/gain (FCR), bursa, spleen, and liver
weights were determined, and gut health was evaluated at 14, 28, and 42 d. Incidence of thin
and inflamed gut tissues was scored as an indicator of gut health on 32 birds per house. In
comparison to L, C had lighter BW (2748 vs. 2668 g, P<0.001) at 42 d and increased 1 - 42 d
FCR (1.84 vs. 1.93, P<0.001). There were no house effects on mortality rate. Salmonella
MPN was higher in L than C at 14 d (6.452 vs. 5.152 log/g, P<0.01), which corresponded
with a higher incidence of mucoid jejunum mucosa (14.1 vs. 1.5%, P<0.01), and greater
relative spleen and liver size at 28 d by 13% and 11%, respectively (P<0.05). In contrast, C
had higher incidence of ileal grain chips than L at 14 d (68.4 % vs. 31.5%, P<0.05),
indicating inferior gizzard function. In addition, L birds had higher breast meat yield (24.9 vs.
24.0 %, P<0.001). Although birds reared on litter floors may have greater Salmonellachallenge than cage-reared birds, they demonstrate better digestion capacity indicated by less
feed passage, resulting in better growth performance and breast meat yield.

Keywords: broilers, Salmonella, litter, cages, feed passage
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3.2. INTRODUCTION
Salmonella species are well known food-borne pathogens due to their role in a wide
variety of diseases, ranging from enterocolitis to typhoid fever (Darwin and Miller, 1999;
Mead et al., 1999). Research has focused particularly on S. typhimurium serotype because of
its ability to infect a broad spectrum of warm-blooded animals, including domestic fowl. In
fact, chickens and eggs are considered the most common sources of Salmonella (Mead et al.,
1999; Schroeder et al., 2000). Eggs can be contaminated through cracks in the shell or during
yolk and shell formation in the ovary, transmitting the pathogen to the hatchlings (Williams
et al., 1968). This mode of transmission can be especially difficult to control because the host
is usually asymptomatic (Snoeyenbos et al., 1969). Furthermore, persistence of S.
typhimurium in apparently healthy fowl leads to the introduction of contaminated products
into the food chain, thereby resulting in animal-human transmission (Nataro et al., 2005).
Thus, it is imperative to control Salmonella colonization in chickens at farm levels to reduce
the risk of poultry product contamination (Blankenship et al., 1993).
However, Salmonella is also a matter of concern for the poultry industry due to its
adverse effects on health, growth performance, and meat yield of flocks (Gast and Beard,
1989; Shivaprasad, 2000). Particularly, fast-growing chickens are more susceptible to the
colonization of enteric pathogens; given that metabolic resources are favored towards growth
and efficiency of meat production rather than disease resistance, which is exacerbated in high
density confinement (Lochmiller and Deerenberg, 2000). Salmonella initially attaches to the
mucosal blanket, colonizes the mucosa brush border, and translocates the intestinal
epithelium into the systemic circulation to gain access to organs such as liver, bursa of
fabricius and spleen (Barrow et al., 1987). In response to such invasion, mucus secretion
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rapidly increases to cover the brush border of intestine and build a preliminary non-inmune
protection to the host (Arnold et al., 1993). Salmonella infection has also been reported to
cause enlargement of spleen and liver. However, severe infection can result in atrophy of
thymus and bursa of fabricius, lymphocyte depletion and subsequent immunosupresion,
which eventually results in death of the host (Boonchuvit and Hamilton, 1975; Deschenes et
al., 1986; Hassan and Curtiss, 1994a, b).
Nonetheless, early colonization of the hatchling intestine by beneficial bacteria is
required to maintain gut microflora balance, reducing the likelihood of enteric invasion of
pathogens by competitive exclusion and developing disease resistance (Guarner and
Malagelada, 2003).

Hatchlings inoculate themselves with microorganisms by ingesting

things within their reach, such as feed, water, and litter (Lan et al., 2005). Several authors
have reported that the ingestion of wood shavings stimulates the development and function of
the gizzard, which helps to maintain normal reflux motility of the intestine and improves
nutrient absorption and feed efficiency (Hetland et al., 2003; Santos et al., 2006).
Furthermore, Corrier et. al. (1993) reported that chicks exposed to adult intestinal flora
present in used litter have more resistance to S. enteritidis colonization.
Therefore, litter-reared broilers may be more able to fight-off the colonization of
Salmonella spp. than cage-reared birds, and consequently exhibit better growth performance
and meat yield. This difference in adaptation may be due to the degree of colonization
challenge and its effect on gut health and feed passage. The purpose of the present study was
to evaluate the effects of two types of housing, litter floors and cages, on the Salmonella
colonization, gut health, growth performance and meat yield of Salmonella-challenged
broilers.
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3.3. MATERIALS AND METHODS
Housing system
Two types of housing systems, a traditional experimental litter floor house (L) and a
Broilermatic®6 cage system (C) were used. The traditional housing type was a litter floor
house with 32 pens (3.81 x 1.17 m/pen). Each pen floor was bedded with fresh pine wood
shavings. This house was naturally ventilated by adjustable curtains on the sides. Two bucket
tube feeders and one Plasson®7 drinker was installed per pen. In contrast, the Broilermatic®
cage system (1.93 x 1.19 m/cage) was in a power ventilated house and 32 cages where used
for the experiment. The cages flooring is a soft nylon net supported by metal bars. Each cage
is equipped with two lateral galvanized feeders and four nipple drinkers. Room temperature
in both houses was set at 35ºC on the day of placement and then reduced 3ºC per week until
the third week of age, after which the temperature was maintain at a constant level. The
houses were illuminated with incandescent lights at about 50 lux on a continuous basis.

Diets
The experimental diets are presented in Table 9. Three feed phases were used during the
course of the experiment. All feeds were formulated using least-cost linear programming
software, such that the diets met or exceed the NRC recommendations for amino acids and
energy (NRC, 1994). All feed was pellet-processed and fed in crumbles up to 42 d of age.
Composite feed samples from each diet were taken immediately after manufacture and
subjected for analysis for crude protein, fat, ash, calcium, and phosphorus.
6
7

Farmer AUTOMATIC of America, Inc. Register, GA.
Plasson UK Ltd, Billingshurst, UK.
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Bird husbandry
Eight hundred day-old (Ross 308) feather-sexed male chicks were randomly distributed
among 32 pens or cages per house, such that 25 birds were housed per pen or cage. Then all
birds were subjected to the same corn-soy bean meal basal diet. The feeding program was
divided in 3 phases depending on the age of the birds, resulting in: starter (from 1 to 14 d),
grower (from 15 to 28 d) and finisher (29 to 42 d).
At placement, all birds were individually identified with neck tags. At 3 d of age, chicks
were individually challenged by oral inoculation with 1 ml containing 106 CFU of a mixture
of Salmonella enterica subspecie enterica serotypes Typhimurium, Heilderburg, Newport
and Kentucky. Fecal samples were collected 3 d after inoculation from each house and
cultured to ensure Salmonella colonization. Feed and water were provided ad libitum
throughout the entire study. All mortality was weighed soon after death and recorded so that
an appropriate adjustment to feed conversion could be made.

Data collection
Average body weights (BW), feed intakes (FI), feed:gain ratios (FCR), and mortality
rates (MR) were determined at 14, 28, and 42 d of the bird’s age. Two birds per cage or pen
were weighed and euthanized by cervical dislocation at 14, 28 and 42 d of age. A pooled
sample of cecal contents from these 2 birds per pen or cage was used for Salmonella
population analysis. Populations of Salmonella for each sample were determined using the
most probable number (MPN) technique (Garthright, 2001) and the Thomas’ approximation
(Swanson et al., 2001; Santos et al., 2005). Additionally, bursa, spleen, and liver weights
were measured and evaluated from 1 bird per pen or cage at 14, 28, and 42 d. On the same
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days, gut tissues were scored to assess gut health as described by Collet (2005). Sections of
duodenum, jejunum and ileum were collected and scored according to parameters described
in Table 10. This gut health survey considered tissue friability (wall strength), mucosal
secretion consistency (exudate), digesta consistency (content) and presence of ileal grain
chips. Finally, carcass dressing percentage and meat yield were assessed at 42 d. Processed
drums, thighs, pectoralis minor, pectoralis major, wings, fat pad and skin weights were
recorded for 4 birds per pen or cage.

Statistical analysis
All data, except the gut health survey, were analyzed using the general linear models
procedure for analysis of variance (ANOVA) of SAS®8 (SAS, 2005). The Model used was Yi
= µ + Hi + εi, where, Hi= house effect and εi = error term.
Groups of birds withing cages and pens served as the experimental units for statistical
analysis. Variables having a significant F-test were compared using the Tukey’s test function
of SAS (SAS, 2005) and the house effects were considered to be significant at P<0.05. Meat
yield of the body parts collected was calculated as relative tissue weight to the body weight
of the sampled bird. Percentage meat yield and mortality data were transformed to arc sine of
the square root (percentage) to normalize the data distribution before statistical analysis.
To analyze the data collected from the gut health survey, each item scored was assigned a
number according to its condition, the higher the number the better the condition (Table 12).
Then, scores were analyzed using the PROC FREQ procedure of SAS® and variables were
compared by a Chi-Square test of SAS® (SAS, 2005) at P<0.05.
8

SAS Institute, Cary, NC.
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Animal ethics
The birds were managed according to normal husbandry practices and euthanasia was
performed with full consideration of animal welfare. The experiments were conducted
according to the guidelines of the Institutional Animal Care and Use Committee (IACUC) of
North Carolina State University.

3.4. RESULTS
Salmonella colonization
At 14 d of age, there was a significant difference (P<0.05) in the Salmonella colonization
levels between housing systems (Table 13). Log10 CFU of Salmonella spp. per gram of cecal
content was lower in the C birds than those raised on L (5.142 vs. 6.452 log MPN/g, P<0.05).
However, this effect disappeared at 28 and 42 days of age.

Organ weights and gut health evaluation
There were no significant differences (P>0.05) in relative spleen, liver or bursa weights at
14 and 42 d of age. However, at 28 d of age, liver (26.7 vs. 24.1 g/kg of BW, P<0.05) and
spleen (1.082 vs. 0.952 g/kg of BW, P<0.05) relative weights were significantly higher in L
birds compared to C birds (Table 14). Results from the gut health survey showed that L birds
had significantly higher duodenal (56.3 vs. 25.0 %, Chi-sq P<0.05) and jejunal (28.1 vs. 3.1
%, Chi-sq P<0.05) mucoid exudation than those raised in C at 14 days of age (Table 15).
However, this effect was not evident (Chi-sq P>0.05) at 28 and 42 d. Additionally, there was
a higher presence of grain chips in the ileum of C birds at 14 (40.6 vs. 18.8 %, Chi-sq
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P=0.06) and 28 d (46.9 vs. 15.6 %, Chi-sq P<0.01) (Table 16).

Growth performance, livability and meat yield
The BW was significantly higher in birds reared on L compared to those in C. By 28 d,
birds in L had heavier BW than C (1549 vs. 1511 g, P<0.05). At 42 d, BW was 80 grams
higher in L compared to C (2,748 g vs. 2,668 g, P<0.05, Table 12). In addition, accumulated
feed to weight gain ratio (FCR) was significantly (P<0.05) improved throughout the study on
the L birds (1.836 vs. 1.935 g:g, Table 12). At 28 d, cumulative mortality rates were higher in
L (6.0 vs. 3.53 %, P<0.05, Table 12). There was no significant house effect on carcass yield
(80.7 vs. 80.8 %, P=0.9). However, L birds had higher breast meat yield (24.9 vs. 24.0 %,
P<0.001, Table 12), and lower leg meat yield (29.9 vs. 29.5, P<0.05, Table 12).

3.5. DISCUSSION
The association of Salmonella with raw foods of animal origin, particularly poultry
products, is well-established (Mead et al., 1999; Guard-Petter, 2001). Cross-contamination of
carcasses during slaughtering operations, use of contaminated feeds or intensive rearing
practices are common factors that contribute to the contamination of poultry products. In the
United States, most of the broiler operations rear the birds in curtain-sided clay-floor houses
bedded with wood-shaving litter. This litter is generally re-used for 5 to 8 flocks with
minimal clean-out of caked litter, although it is re-covered with fresh wood shavings between
flocks (Ferket, 2006). There is the possibility that pathogenic contamination problems (i.e.
Salmonella) might be reduced if broilers could be removed from intimate contact with their
fecal matter (Reece et al., 1971). Some authors have suggested cage systems for broilers as a
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favorable alternative, especially as the cost of housing spaces increases (Reece et al., 1971;
Andrews and Goodwin, 1973; Havenstein et al., 1998).
In the present study, cecal Salmonella MPN was significantly (P<0.01) in birds raised in
the litter house than those raised in the cage house (6.452 vs. 5.142 log MPN/g, Table 13) at
14 d. Because of their coprophagy behavior, broilers reared in direct contact with the feces,
(i.e. litter-floor systems) are expected to experience significant recycling of pathogens, thus
increasing enteric pathogen colonization (Reece et al., 1971; Havenstein et al., 1998).
However, exposure of Salmonella-challenged birds to a litter environment diverse in
microbial communities has been demonstrated to decrease shedding to the point that the
pathogen was no longer detectable (Brownell et al., 1969; Nurmi and Rantala, 1973; Corrier
et al., 1993). Additional, it has been shown that stable symbiotic microflora acquired by oral
ingestion of materials from the bird’s environment exerts a profound effect on the intestinal
health, immune response and performance of the host (Corrier et al., 1993; Deplancke and
Gaskins, 2001; Guarner and Malagelada, 2003; Santos, 2006). Santos (2006) observed
broilers reared on litter floors have significantly lower Salmonella levels (3.8 vs. 4.4 log
MPN/g, P=0.002) at 42 d of age but not at 14 d.
In the present study, intestinal surveillance at 14 d showed that L birds had significantly
(P<0.05) higher incidence of mucoid exudation in the duodenum (56.3 vs. 25.0 %, Chi-sq
P<0.05) and jejunum (28.1 vs. 3.1 %, Chi-sq P<0.05) than C birds (Table 15, Figure 10).
Invasion of enteric pathogen, such as S. typhimurium, rapidly causes inflammation of the
intestinal mucosa (Arnold et al., 1993; Henderson et al., 1999; Nataro et al., 2005). The
gastrointestinal epithelium is covered by a protective mucus gel composed predominantly of
mucin glycoproteins that are synthesized and secreted by goblet cells. Changes in goblet cell
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functions and in the chemical composition of intestinal mucus are detected in response to a
broad range of luminal insults, including alterations of the normal microbiota (Deplancke and
Gaskins, 2001). Birds are well-known for their exploratory pecking and copaphragy behavior
by which they inoculate themselves with microbiota that eventually colonize into a stable
microflora. The stability of this microbial ecosystem is directly dependent upon the microbial
diversity that colonizes the neonate and eventually competitively excludes disease pathogen
(Hardin, 1960; Nurmi and Rantala, 1973). The richness and uniformity of commensal
microflora have major metabolic functions that include: fermentation of non-digestible
dietary residues into energy (e.g. short-chain fatty acids), control of epithelial cell
proliferation as well as development and maturation of the immune system (Falk et al., 1998;
Santos Jr., 2005). Bacteria establish a symbiotic relationship within their hosts (e.g. birds)
and ultimately enhance the efficiency of the energy used for maintaining health and
sustaining growth.
The pathogenesis of Salmonella in chickens can be divided in two distinct phases: the
intestinal and the systemic phase of the infection. During the intestinal phase, Salmonella
adhere to the intestinal mucosa and invade the intestinal epithelium. During the systemic
phase, some Salmonella organisms are internalized through phagocytosis by macrophages,
but others replicate and spread to the internal organs, such as liver and spleen. As an
immediate response to the pathogen invasion, the proliferation of organ cells is accelerated to
cope with the progressing disease, resulting in enlarged organs (Turnbull and Snoeyenbos,
1974; Hassan and Curtiss, 1994b; Henderson et al., 1999). In the present study, there were no
housing effects on MPN or small intestinal exudations at 28 d. However, L birds had
significantly higher BW (1549 vs. 1511 g, P<0.05, Table 11 and 6), relative liver (26.7 vs.
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24.1 g/kg of BW, P<0.05, Table 14) and relative spleen weights (1.082 vs. 0.952 g/kg of BW,
P<0.01, Table 14), as well as higher mortality rates (6.0 vs. 3.5 %, P<0.05, Table 11)
compared to C birds.
Broilers have been successfully selected for rapid growth, improved feed efficiency and
increased meat yield. Fifty years ago, broilers required 101 d to reach 1800 g in comparison
to today’s bird requiring only takes 32 days (Havenstein et al., 2003b, a). However, this
progress in production efficiency has been achieved at the expense of protective innate
immune responses. Cheema et al. (2003) demonstrated that genetic selection for rapid growth
in broilers has decreased the adaptive part of the immune response and increased cellmediated and inflammatory responses. Figure 10 indicates that about 80% of the final body
weight is achieved from 15 to 42 d. Evidently, the growth of broilers accelerates after the
second week of age, and their metabolic resources are more directed towards growth than
disease resitance. Thus, fast growing birds are highly susceptible to metabolic disease, such
as sudden death syndrome (flip-over), pulmonary hypertension syndrome (ascites), and
skeletal malformations, which ultimately compromise livability (Hargest et al., 1985; Julian,
1998).
Throughout the study, the litter-reard broilers had heavier BW (2,748 vs. 2,668 g,
P<0.001), lower FCR (1.836 vs. 1.935 g:g, P<0.001), and higher breast meat yield (24.9 vs.
24.0 %, P=0.001) than the Cage-reared birds (Table 12). Interestingly, the sampled cagereared broilers had a higher incidence of undigested grain chips in the ileum than those
reared in litter floor pens at 14 (40.6 vs. 18.8 %, Chi-sq P=0.06) and 28 days (46.9 vs. 15.6
%, Chi-sq P<0.01, Table 16). Clearly, grain digestibility in the cage-reared birds was
compromised in comparison to those raised on litter floors probably because of they did not
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have access to consume structural particles. Birds ingest these structural particles, such as
litter, sand, shavings and other non-edible materials, to enhance gizzard function and
improve digestion of feed (Santos et al. 2006). Havenstein et al. (1998) reported that birds
reared in cages have stunning differences in gizzard weights (22.2 vs. 43.6 g, P<0.001) in
comparison to birds raised in conventional litter floors. Furthermore, Santos (2006)
compared birds reared in cages versus litter floors, and found that cage-reared birds not only
have significantly smaller gizzards (20.8 vs. 22.2 g/kg, P<0.001) and smaller proventriculus
(6.0 vs. 6.2 g/kg, P<0.1) but also, less feed efficiency (1.81 vs. 1.71 g:g, P<0.001) and
smaller breast muscle (195.2 vs. 214.1 g/kg, P<0.05). Indeed, boilers may have a dietary
requirement of structural particles to improve feed digestibility and thus stabilize the enteric
microflora ecosystem.
Finally, Salmonella infection in fast-growing chickens likely trigger a series of events,
including higher mucoid secretions in the small intestine and enlarged spleen and liver,
which eventually compromise livability. However, pathological challenges also enhance
adaptive immune responses. Litter floors offer an important source of microbiota for
hatchling birds to develop and maintain equilibrium in their intestinal microflora.
Additionally, litter-floor housing not only offers a source of beneficial microbiota that
competitively excludes pathogenic colonization, but it also provides the bird with nondigestible structural particles that have upon ingestion remarkable effects on digestibility,
feed efficiency, growth and meat yield. Thus, the present study shows that birds reared on
litter floors appear to be better adapted to resist the colonization of Salmonella spp. than
cage-reared birds and consequencely improved growth performance and meat yield.
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3.6. TABLES AND FIGURES
TABLE 9: Composition and calculated nutrient content of the experimental diets fed to
Salmonella-challenged broilers from 1 to 42 days of age.
Experimental Diets
Ingredients
Starter (1-14 d)

Grower (15-28 d) Finisher (29-42 d)
%

Corn, Grain
Poultry BP Meal
Soybean Meal -48%
Poultry Fat
Limestone
Dicalcium Phosphate
Salt
Vitamin Premix 1
Mineral Premix 2
Choline Chloride (60%)
DL-Methionine
L-Lysine HCl
Selenium Premix 3
Total

64.80
5.00
22.70
3.41
1.20
1.45
0.40
0.10
0.20
0.20
0.18
0.21
0.10
99.94

71.60
5.00
17.50
2.40
1.23
0.93
0.36
0.10
0.20
0.20
0.14
0.21
0.10
99.96

77.80
5.00
11.90
2.14
1.13
0.68
0.37
0.10
0.20
0.20
0.15
0.22
0.10
99.99

Calculated Analysis
ME (Kcal/kg)
Protein (%)
Calcium (%)
Avail. Phosphorus (%)
Sodium (%)
Lysine (%)
Methionine + Cysteine (%)
Threonine (%)

3200
20.30
1.00
0.45
0.22
1.20
0.90
0.75

3200
18.30
0.90
0.35
0.20
1.05
0.80
0.67

3238
16.20
0.80
0.30
0.20
0.90
0.75
0.58

1 Supplied the following per kilogram of feed: vitamin A, 13,200 IU; cholecalciferol, 4,000 IU; niacin, 110 mg; pantothenic acid, 22 mg;
riboflavin, 13.2 mg; pyridoxine, 7.9 mg; menadione, 4 mg; folic acid, 2.2 mg; thiamin, 4 mg; biotin, 0.253 mg; vitamin B12, 0.04 mg;
ethoxyquin, 100 mg; selenium, 0.30 mg. The vitamin E premix provided the necessary amount of vitamin E as DL-α-tocopheryl acetate.
2
Supplied the following per kilogram of feed: 120 mg Zn as ZnSO4.H2O; 120 mg MN as MnSO4.H2O; 80 mg Fe as FeSO4.H2O; 10 mg
Cu as CuSO4; 2.5 mg I as Ca(IO3)2; 1.0 mg Co as CoSO4.
3
Selenium premix supplied 3 ppm Se as sodium selenate.
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TABLE 10. Survey used to evaluate the intestinal health of Salmonella-challenged broilers
reared on litter floors or in Broilermatic® cages system, at 14, 28 and 42 days of age.
GUT HEALTH SURVEY
House___

Pen___

Treatment___

Bird#_____

Date_____

Wall:

___Good (4)

___Normal (3)

___Thin (2)

___Friable (1)

Content:

___Normal (3)

___Mucoid (2)

___Watery (1)

___Grain Chips (Y/N)

Exudate:

___Mucoid (3)

___Watery (2)

___Normal (1)

Wall:

___Good (4)

___Normal (3)

___Thin (2)

___Friable (1)

Content:

___Normal (3)

___Mucoid (2)

___Watery (1)

___Grain Chips (Y/N)

Exudate:

___Mucoid (3)

___Watery (2)

___Normal (1)

Wall:

___Good (4)

___Normal (3)

___Thin (2)

___Friable (1)

Content:

___Normal (3)

___Mucoid (2)

___Watery (1)

___Grain Chips (Y/N)

Exudate:

___Mucoid (3)

___Watery (2)

___Normal (1)

Duodenum

Jejunum

Ileum
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TABLE 11. Average body weight, cumulative feed:gain ratio and mortality of Salmonellachallenged broilers reared on litter floors or in Broilermatic® cages system, at 14, 28 and 42
days of age.
Body Weight
Feed:Gain
Mortality
1
(g)
(g:g)
(%)
House
1 d 1-14 d 1-28 d 1-42 d
1-14 d 1-28 d 1-42 d
1-14 d 1-28 d 1-42 d
a
a
b
b
b
Litter
41.0 437 1,549 2,748
1.308 1.493 1.836
2.88 6.00a 12.44
2,668b

1.449a 1.631a 1.935a

1.75 3.53b 13.03

P – value 0.569 0.113 <0.001 <0.001
SEM (63)2 0.118 2.36
4.88
9.86

<0.001 <0.001 <0.001
10.8
8.93
8.01

0.153 0.042 0.641
0.99 1.18 1.47

Cages

41.2

444

1,511b

1

Values represent means of 32 pens (Litter floors) or cages (Broilermatic® cages) containing 25 chickens each.
Pooled SEM (62) = Standard error of the mean with 62 degrees of freedom, n = 64.
a-b
Means within a column with different superscripts are significantly different (P<0.05).
2
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TABLE 12. Carcass yield (%) relative to body weight, of 42 days-old Salmonella-challenged
broilers reared on litter floors or in Broilermatic® cages system.
Meat Yield
Body Weight
Carcass
Breast
Legs
Wings
House1
(g)
(%)
Litter
Cages

2848a
2727b

80.73
80.76

24.91a
24.02b

29.47b
29.92a

11.11
11.31

P – value
Pooled SEM ( 254)2

<0.001
10.491

0.897
0.001

0.001
0.001

0.004
0.001

0.147
0.001

1

Values represent means of 128 birds per house (Litter floors or Broilermatic® cages system).
Pooled SEM (254) = Standard error of the mean with 254 degrees of freedom, n = 256.
a-b
Means within a column with different superscripts are significantly different (P<0.05).

2
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TABLE 13. Salmonella spp. colonization levels at 14, 28 and 42 days of challenged broilers
and reared on litter or in Broilermatic® cages system cages.
Salmonella colonization levels
House1
14 d
28 d
42 d
(Log10 CFU/g of cecal content)
Litter
Cages
P – value
Pooled SEM (62)2

6.452a
5.153b

4.268
3.482

3.298
3.048

0.007
0.235

0.175
0.287

0.652
0.276

1

Values represent means of 32 birds per house (Litter floor or Broilermatic® cages system).
Pooled SEM (62) = Standard error of the mean with 62 degrees of freedom, n = 64.
a-b
Means within a column with different superscripts are significantly different (P<0.05).
2
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TABLE 14. Average body weight (BW) and relative weights of liver and spleen of
Salmonella-challenged broilers reared on litter floors or in Broilermatic® cages system, at 14,
28 and 42 days of age.
14 d
28 d
42 d
1
House
BW
Liver Spleen
BW Liver Spleen
BW Liver Spleen
(kg)
(g/kg)
(kg)
(g/kg)
(kg)
(g/kg)
0.413
0.398

32.6
34.5

1.007
1.032

1520a 26.7a
1438b 24.1b

1.082a
0.952b

2768a
2566b

21.9
21.0

0.961
1.091

P – value 0.167
SEM ( 62)3 0.01

0.161
0.68

0.772
0.04

0.019 0.000
17.04 0.35

0.045
0.03

0.004
34.02

0.284
0.42

0.060
0.03

Litter
Cages

1

Values represent means of 32 birds per house (Litter floors or Broilermatic® cages system).
Weights of liver and spleen were calculated relative to the body weight of the sampled bird.
3
Pooled SEM (62) = Standard error of the mean with 62 degrees of freedom, n = 64.
a-b
Means within a column with different superscripts are significantly different (P<0.05).
2
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TABLE 15. Duodenal and jejunal exudates of Salmonella-challenged broilers reared on litter
floors or in Broilermatic® cages system at 14 days of age.
14 d duodenum
14 d Jejunum
House1
Mucoid Normal Watery
Mucoid Normal Watery
Litter
Cages
Pearson’s Chi-square

56.3
25.0

%
18.8
56.3

25.0
18.8

0.006

28.1
3.1

%
43.8
68.8

28.1
28.1

0.017

1

Values represent number of birds in the category. Evaluations performed on 32 birds per house (Litter floors or Broilermatic® cages
system).
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TABLE 16. Presence of grain chips in the ileum of Salmonella-challenged broilers reared on
litter floors or in Broilermatic® cages system at 14 and 28 days of age.
14 d
28 d†
1
House
Grain Chips
Normal
Grain Chips
Normal
%
%
18.8
81.3
15.6
84.4
Litter
40.6
59.4
46.9
53.1
Cages
Pearson’s Chi-square
Table’s probability

0.056
0.036

0.007
0.006

1
Values represent number of birds in the category. Evaluations performed on 32 birds per house (Litter floors or Broilermatic® cages
system).
†
Grain chips data at 42 days was missing and therefore not included.
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(g)

Litter period weight gain

Cages period weight gain

Litter mortality rates

Cages mortality rates

( %)

1500

24

a

a

1250

b

20

b
1000

16

750

12

*

500

8

250

4

0

0

14 d

28 d

42 d

1

Values represent means of 32 birds per house (Litter floors or Broilermatic® cages system).
Error bars represent pooled standard error of the mean with 62 degrees of freedom, n = 64.
a-b
Means between bars with different superscripts differ significantly (P<0.05).
*
Means between lines differ significantly (P<0.05).
2

FIGURE 10. Period weight gain (bars, g) and cumulative mortality rates (lines, %) of
Salmonella-challenged broilers reared on litter floors or in cages at 14, 28 and 42 days.
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4. 1

SUMMARY

Salmonella is major food-borne pathogen risk to public health, and poultry products are
considered a major source of this risk. In addition to the public health liability, Salmonella is
a costly problem for the poultry industry because it adversely effects on growth performance,
feed efficiency, and animal welfare. Therefore, controlling Salmonella at the farm level is a
high priority to ensure a safe human food supply and maintain economic sustainability of the
poultry industry. Effective and feasible Salmonella control must be an integration of
nutritional and environmental strategies that suite modern broiler chicken production
practices.
Genetic selection of commercial broiler chickens for growth performance, meat yield and
feed efficiency has been the priority over disease resistance and reproductive fitness during
the last few decades. Consequently, resistance to the colonization of enteric pathogens in
modern broilers is a challenge during the first few days of a broiler’s life when their adaptive
immune response is lowest. To compensate for this low adaptive immunity, chicks normally
depend upon the passive immunity to environmental pathogens transferred from the hen.
However, modern broiler production physically separates the hen from progeny, and there
exposure of enteric pathogens, such as Salmonella, to breeder hens is greatly discouraged,
resulting in minimal passive immunity passed onto the progeny from yolk immunoglobulins
(IgY). Dietary supplementation of yolk immunoglobulins (IgY) from hens hyperimmunized
with Salmonella antigens may be an effective alternative to provide passive immune
protection against specific pathogens commercial broiler production system.
Salmonella colonization causes a rapid increase in mucus secretion by the gut epithelium.
This mucus forms a layer that is distributed along the digestive tract to prevent direct
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attachment of the bacteria to underlying epithelial cells. The layer of mucus also provides a
harbor for secretory immunoglobulins (e.g. IgA) that otherwise would be lost to the lumen.
Mucus is formed primarily by glycoproteins called mucins, which are known to possess high
amounts of threonine in their protein core. Thus, higher dietary threonine (>68% of Lysine)
may also lessen the negative effects of enteric pathogens.
Chickens exhibit pecking and coprophagy behavior as they explore their environment and
forage for material that will retain in the gizzard and normalize gut motility. By this
behavior, broilers also self inoculate commensal bacteria from their environment which has
been shown to competitively exclude pathogenic and stabilize enteric microflora. Therefore,
the rearing environment may also modulate the growth and health response of chickens to
Salmonella by affecting intestinal health and digestibility.
In the present study, 1600 male Ross-308 broiler chickens were randomly assigned to 32
litter floor pens in a curtain-sided house or 32 cages in a total confinement house (25
birds/pen or cage). All birds were orally inoculated with 106 cfu of a mixture of Salmonella
enterica subsp. at 3 d of age. Birds were assigned to 4 dietary treatments consisting of a 2 X
2 factorial with two levels of threonine (64% or 75% of lysine) and 2 levels of IgY (0 or
5.4% IgY). Data was collected at 14, 28 and 42 d of age and the evaluated variables included
body weights, feed:gain ratio, percentage of mortality rate, bursa, spleen, and liver weights,
Salmonella colonization levels, and gut health. Incidence of thin and inflamed gut tissues was
scored as an indicator of gut health on 32 birds per house.
Data analysis was divided in two parts: first, treatment effects on growth performance
were analyzed by house. Birds raised in litter had greater body weights and lower feed:gain
ratio than those raised in cages; however, the treatment effects on growth performance and
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mortality appear to be dependent upon housing and the chicken’s age. In litter, dietary IgY
increased body weight by 4% at 14 days of age (P<0.05) compared to controls. Treatment
effects were more evident in cages. The interaction of treatments significantly affected
feed:gain ratio at 14 days. Among low threonine birds, IgY reduced 14 days feed:gain ratio,
yet showed only a marginal effect among the high threonine birds. However, IgY adversely
affected 42 d body weight and 1 – 42 d feed:gain ratio, most likely due to dietary moisture
dilution effects. Additionally, combining treatments affected mortality at 42 d. IgY
significantly reduced mortality of birds fed the low threonine diets but had no effect among
birds fed the high threonine diets.
Second, the effect of the two housing systems on organ weights, gut health and
Salmonella colonization was compared. Birds reared in litter had heavier body weights and
decreased 1 – 42 d feed:gain ratio as compared to birds raised in cages. There were no house
effects on mortality rate, but Salmonella most probable number results at 14 d were higher in
birds raised in litter. This result corresponded with a higher incidence of mucoid jejunum
mucosa and greater relative spleen and liver sizes at 28 d among litter-reared birds. In
contrast, cage-reared birds had a higher incidence of ileal grain chips than those raised in
litter at 14 d, indicating inferior gizzard function and reduced feed digestibility.

4. 2

CONCLUSIONS

Dieatry supplementation of IgY improves growth performance and livability during the
starter phase of Salmonella-challenged broilers, and the extension of its effect can be
quenched by dietary threonine at 75% of lysine. Furthermore, dietary effects appear to be
quenched when birds are reared on litter floors. The role that litter plays on chicken’s health
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may be more than just providing bedding. Although birds reared on litter had greater
Salmonella-challenge than cage-reared birds during the starter phase, they demonstrated
better digestive capacity as indicated by less feed passage which ultimately enhanced growth
performance and meat yield. Since the intestine contains the largest amount of immune cells,
understanding how bacteria modulate early growth and development of the intestinal
epithelium may help to develop novel nutritional strategies that reduce the negative effects of
pathogenic colonization to the poultry industry.

4. 3

FUTURE RESEARCH

Current knowledge about the effects of commensal bacteria on the digestive tract is based
on germ-free animals especially on mice. In poultry, it is assumed that the digestive tract is
an innocuous environment at hatch. However, bacteria may begin colonization prior to
oviposition at the reproductory tract of the hen. New questions have arisen as a result of this
research. What are the species that first colonize the digestive tract of poultry? Which are the
sites of the tract that are first colonized? Can colonization begin in ovo or not? If bacteria
have regulatory functions on the intestinal epithelium in poultry, as seen in other species, to
what extent do they play a regulatory role on carcass fat deposition and which species are
involved? Because the litter is the source of bacteria, will it be feasible to inoculate fresh
litter with commensal bacteria colonies to ensure colonization? Since bacteria modulate
nutrient absorption and metabolism, answers to these questions may provide a new and more
precise approach to nutrition. The ban of antibiotics has opened a window of opportunity that
allows us to see bacteria as a primary component of nutrition and health instead of a
detriment.
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